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SUMMARY
There are only a few means whereby man produces the abun­
dance of power with which he dominates his environment, and al­
most all of them, at present, involve the combustion of fossil 
fuels. The "energy crisis" is first and foremost a "combustion 
crisis". If engineers could burn fuels much more efficiently, 
then mankind’s energy shortages would be greatly alleviated.
Flame control, or tailoring a flame to its associated com­
bustion chamber (Moles 1974), is the first requisite for effi­
cient combustion, and, over the last decade, the Fuels and 
Energy Research Group at the University of Surrey have pioneer­
ed the application of such techniques to rotary kilns, incine­
rators, flares and melting furnaces. The second requirement 
for highly efficient combustion is the use of some kind of 
flame sensor which can monitor the rapidly fluctuating condi­
tions within an average combustion chamber, to produce signals 
which can control and then optimise combustion efficiency.
The ultimate aim of this ten year research programme is 
to control the gigantic pulverized coal flames used in the 
world’s power and cement industries. However, for the initial 
stages of the work described in this thesis, the simpler pro­
blem of controlling a gas flame in a purpose designed, pilot 
plant scale, recuperative furnace was tackled. Although the 
furnace was constructed within the University’s laboratories, 
it was sufficiently large to be representative of industrial 
scale practice.
Any transducer for combustion plant use has to be univer­
sally applicable, relatively simple, robust, reliable, and 
above all, easily fitted to an existing burner installation.
To achieve these criteria, a novel, spherical gross heat flow 
meter (GHFM) was developed. The water-cooled stainless steel 
shell was relatively small, 70 mm in diameter, and the unit 
was designed to generate up to nine control signals for invest­
igatory purposes.
Initial experiments on the performance of this spherical 
heat flux meter were carried out, using a 3 KW laboratory, 
electric, boxlike muffle furnace and an electrical network 
analogy was developed to yield a simple theoretical analysis 
of this system. The effects of different radiative emission 
levels and thermal masses of the furnace were investigated at 
this stage and found to be of some significance.
It was possible to generate nine signals from the heat flow 
meter. The signal which was generated by the thermopile of the 
GHFM’s receiving surface was found to be suitable for all modes 
of operation in furnaces -namely Signal 8. All signals were 
found to 8e suitable for steady-state operation . The
principle of the operation of our meter is based on Signal 8.
The variation in the generated output millivolts of Signal 8 
was dictated by the heat energy movement of the system inja gross
:
manner . A linear relationship was found to govern the gross 
heat energy movement and the generated millivolts of Signal 8.
The measured response of Signal 8 to a step input signal 
was found to compare very well with its corresponding values, 
which were predicted from the electrical analogy simple model.
This approach was based on gross manners. The range of this 
response was 2.0 < t < 6.5 minutes approximately. When the
o
effect of the thermal mass of the furnace was minimized, an 
average gross time constant of 1.623 minutes (including effects 
of the thermal delay and conduction loss of the meter), and an 
average net time constant of 1.005 minutes (excluding thermal 
delay of our meter) were obtained approximately.
The meter was not found suitable for monitoring the gene­
ration of heat energy level during the first 37 seconds after 
its introduction to a furnace nor from a cold start. This is 
caused by the initial thermal delay of the instrument. It is 
believed that this delay causes no serious drawback in the per­
formance of the GHFM.
For our standard cooling flowrate of 40 grams/sec., an 
empirical correlation was established. The correlation may be
used to predict the average heat transfer coefficient of.the 
boundary film between cooling water and the inner surface of 
the spherical shell of the GHFM. The correlation includes 
the bounding radii of the annulus and is:-
Nu = 11671 [(Re)-0'86*5 (Pr) !/3 ] i*io ~ Roi 
io + ^oi j
0.291
Its range of % error is -3.5 < % error < 5.0
for 370 < Re < 730 and 7.0 < Pr < 14.0
The industrial tests of the GHFM were conducted in a pilot 
plant sized natural gas fired furnace with a recuperative burner 
The tests have shown that the GHFM displayed a peak signal for 
the equivalence ratio <J> in the range of 0.95 5 < $ <  1.015 with 
an average value of <f> - 0.985. For these tests, the effects 
of preheat, the degree of mixing of the reactants, losses, etc.
were included. Excluding these effects, for North Sea gas com­
bustion with air at atmospheric pressure, a corresponding peak 
at a position of equivalence ratio <J> -0.96 ->0.98 is displayed. 
The deviation of the GHFM's peak by 1.5% towards the lean side 
of that of natural gas mixture was a natural phenomenon. The 
GHFM monitors the actual position of the peak, and allows for 
any extraneous factors. These tests provided evidence that the 
GHFM can monitor the performance of any gas burner encountered 
in industrial furnaces, as it is robust, reliable, and most 
probably it can be implemented successfully in a peak-seeking 
combustion control package.
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CHAPTER 1
COMBUSTION CONTROL BY MEANS OF HEAT FLOW METERS
1.1 Introduction
1.1-.1 Measurement and Control of Heat Release in Combustion
Chambers —
The prime function of a furnace is to impart heat at the 
proper place, in the most efficient manner. It was formerly 
common practice to assess the performance of a furnace entirely 
in terms of its maximum possible output of usable fired material. 
More recently, however, the tendency has been to regard the 
thermal efficiency as an equally important criterion.
Fuel utilisation and cost have not been a major problem and 
hence have militated against costly research programs for well 
designed furnaces and combustion control systems. As a result, 
the control and operation of furnaces have tended to remain a 
matter for the operator*s judgement. While this may have been 
acceptable in the past, the rapid rise in energy cost has sig­
nificantly affected the management of furnace design and con­
trol, aiming toward optimal combustion processes.
The advances in the development of microprocessor technology 
can feasibly lend themselves to the optimal (medium size) 
furnace management, but what is not always understood is that 
computer-based measurement and control loops cannot be of sound 
performance by concentrating on the computer development only, 
but rely on equal development in the transducers for the accurate 
monitoring of process variables, and hence a computer-based 
control system, which commands the process variables very close
to their ideal, can be evolved.
The hostile environment in furnaces, and the complex nature 
of combustion has made it impossible, so far, to develop the 
ideal technique to monitor the furnace operation.
In the field of flame science, heat flow meters are rela­
tively recent, as compared with optical, photo-electric and 
other radiometry devices. As a result, the literatures pertain 
to a great deal of theory, design and application of the latter 
devices (Forsythe 1937, Harrison 1960, Lord 1960, Murray 1960, 
Gaydon 1974, Kuhner 1975, Smith 1975).
Heat flow meters fall into three classes; thermometric, 
calorimetric and conductivity types. For the purpose of this 
survey, heat flow meters were divided into two groups based on 
whether or not cooling techniques were implemented in the direct 
measurement of heat transfer of the device.
Dummy tubes (Baulk 1950a) have been used as early as 1944 
by Kreisinger, but the intensive research to develop non-cooled 
heat flux meters for electricity generation in England (Cantle 
1953, 1954, 1956, Northover 1966, Neal 1980), in Australia 
(Llewelyn 1969, Wall 1971), and elsewhere (Vrolyk 1962) has 
resulted in theories, designs and applications of various 
meters to aid the investigation of heat flows, flux intensity 
distribution and flux effect on corrosion. These instruments 
included flux tubes, dummies and heat flow discs. Baulk and 
Thring (1944) described various devices which were developed 
up to 1944. These devices were developed by a number of invest­
igators. Hase was the first to initiate these investigations.
HSse developed a spherical heat flow meter in about 1927, and 
in 19 36 Hottel, Meyer and Stewart developed a thermometrie 
heat flow meter which consisted of a pair of thermocouples 
attached to thin metal discs, flush-mounted on either side 
of the surface of a kaolin brick. Kazantesv (1939), a Russian, 
was reported to have developed what he called a disc thermal 
probe, which consisted of a heat-resistant cylinder within 
which was a core of electrolytic copper coated with uranium 
oxide. The core height was dependent on the operating tempe­
rature of the furnace - 40 mm for 1600°C, 20 mm for 1300°C.
The instrument was developed in 19 39 and was used successfully 
to study the variables relationship in the steel industry. 
Mayorcas developed two heat flow meters - the front wall pyro­
meter (fixed-focus mirror pyrometer) and the diaphragm total- 
radiation pyrometer. These devices were described by Burton 
et al. (1951b) and Thring (1951). Both instruments were 
developed in about 1947. Cooling water was used with the 
latter type in order to maintain the instrument water jacket 
and thermocouple cold junction at the same temperature. 
Reliability of both instruments depended on the ability to 
maintain the cleanliness of the mirror and the precise appli­
cation of the meters (these conditions may prove difficult to 
maintain over long periods of operation). An electrically 
heated, graphite-tube furnace (Burton et al. 1951a) of black 
body characteristics was used for the calibration. It was 
claimed (Burton et al. 1951b) that the output of the latter 
pyrometer fell by 1.21 percent for a temperature change of 
cooling water from 15.6°C to 39°C.
Clatworthy (1960) described a modified version of a
conductivity heat flow meter which was described by Fowler 
(1952) (dimensional modification only). The instrument con­
sisted of a conductivity rod with two (type K) thermocouples 
spaced 30 mm apart. A layer of asbestos was used to prevent 
contact with the water cooled.sheath. Flow rate of cooling 
water greater than 130 grams per second was claimed to produce 
a straight line calibration performance between the voltage 
signal of the differential thermocouple and the gross heat 
flow, independent of water flow rate. The average time con­
stant was claimed to be 150 seconds. The instrument was cali­
brated in the range of radiation of a spherical black furnace, 
electrically heated for 750°C to 1250°C. The instrument was 
used for research on a pulverised coal fired boiler furnace.
At the International Flame Research Foundation (IFRF) at 
IJmuiden in Holland, two types of heat flow meters were used 
successfully, namely, the ellipsoidal total radiation and the 
conductivity type (Chedaille 1972). The hollow ellipsoidal 
total radiation heat flow meter consisted of an ellipsoidal 
mirror, into which all the falling radiation could enter from 
a small circular orifice. The mirror was so designed that the 
thermopile within the mirror could receive all radiation regard­
less of the angle of incidence. The thermal element consisted 
of a hemispherical receiving pellet, a cylinder and a cooled 
metal mass, the three parts being combined in a common stain­
less steel block in order to obtain a regular flow of heat. 
Nitrogen was injected at a constant flow rate to protect the 
mirror from ingress of dust and oil drops. The nitrogen flow 
served also to cool the pellet.
The other heat flow meter which the IFRF adopted was the 
conductivity plug type used for total heat flow measurement 
(Chedaille 1972). It consisted of a cylinder protected by 
concentric guard rings to ensure the axial flow of the total 
heat absorbed by the receiving surface to the other end which 
was water-cooled. Two thermocouples were inserted, one to 
the centre of each end of the conducting cylinder. The instru­
ment was reported to have an excessive time constant (of the 
order of 10 minutes). The Orena heat flow meter used by IFRF 
consisted of a thin pellet with a centrally mounted thermo­
couple. The pellet was isolated from the electrically heated 
meter body by a cavity, which was equipped with a thermocouple 
(Chedaille 1972). The regulated heating, and thus the tempe­
rature of the instrument body and the corresponding change in 
the thermocouple readings were compared with the change rate 
of the thermocouple readings when the meter was subjected to 
heat flows. The instrument was used for laboratory measure­
ment and was not suitable for a furnace environment.
The spherical concave mirror total radiation pyrometer 
was used by the IFRF for flame radiation measurement (Chedaille 
1972). Bee.r (1962) has developed the theory for the use of 
this instrument to predict radiation traverses in luminous 
hydrocarbon flames.
Shell Central Laboratories - Egham employed the same 
techniques as IFRF for non-cooled heat flow meters. But an 
additional instrument was developed at Shell Research N.V. 
in Amsterdam, described by Ballintijn (1968), and its industrial 
application was reported by Hoogendoorn (1970). The heat flow
meter was basically a conductivity type, consisting of a 
closed cylindrical tube which contained a measuring element 
at one end, comprising a disc of copper which was cooled by 
water, thus creating the differential temperature for the 
calibration of the instrument. The sensing element was sur­
rounded by a slit for issuing an air stream, whenever the 
radiation and convection were to be calculated individually. 
The air provided a screen around the receiving element.
For a study of heat transfer and distribution in tangen- 
tially fired pulverized coal boiler furnaces Wall (1971) used 
two types of heat flow probes. The first was designed and 
constructed by the State Electricity Commission of Victoria, 
Australia. The probe was quenched in a bucket of water 
between readings, thus eliminating the need for water hoses. 
It consisted of a flat receiving surface with five thermo­
couples placed 2.4 mm below the surface. The measured heat 
flux absorbed was taken as a function of the temperature 
gradient across the surface. The reproducibility was poor 
and hence it was used for relative measurement only. The 
other instrument constructed consisted of two heat flux 
plugs of stainless steel. The temperature gradient along 
the central rod was a function of the incident heat on the 
front surface plug. The reproducibility and accuracy were 
poor, and it also was used for relative measurements of heat 
flow.
Gardon (195 3) developed an instrument which was capable 
of measuring thermal radiation in the range .042 to 4.2 MW/m2 
The instrument consisted of a blackened, thin disc of constan 
tan, which was soldered around its circumference to a massive
block of copper. The energy absorbed by the disc flew radial­
ly to the copper block which acted as a constant temperature 
heat reservoir. As a result of the heat flow, the temperature 
of the centre of the disc was higher than at its circumference 
This temperature difference was related to the intensity of 
the radiant flux striking the disc. A fine wire of copper was 
connected to the centre of the disc, thus a thermocouple was 
formed consisting of the copper wire, the constantan disc and 
the copper block, which directly measured the temperature 
difference across the radius of the disc. The time constant 
of the instrument was reported to be of the order of 0.106 sec 
for a disc of 3.4 mm radius and thickness of 0.025 mm. The 
general equation for the time constant tq was
where C^, R and k are the specific heat, radius and 
thermal conductivity of the disc. Although this instrument 
offered a guide to develop a heat flow meter for high thermal 
intensity measurements with fast response, no report of its 
successful application was traced. The instrument was develop 
for the U.S. Office of Naval Research.
Vrolyk (1962) and Sellers (1962) described instruments 
to measure heat transfer from combustion chambers where water 
was used as a sink in order to create a heat conduction along 
a conductivity piece, such that the differential temperature 
along the conductivity piece was used to evaluate heat trans­
fer from the environment to its surroundings. Heat transfer 
measurement by this technique was relatively slow and its 
accuracy was reported as poor.
A new type of heat flow meter was reported by Andretta et 
al. (1981). The instrument was developed and laboratory tested 
and was claimed to be of sound performance for the measurement 
of heat fluxes typically found in solar energy and natural 
cooling work, the construction of which consisted of a disc 
2 mm thick, 60 mm in diameter, of insulating material (plexi- 
glas). The temperature sensors were mounted on each side of 
the disc, such that their resistances varied with the heat flow 
through the disc. A Wheatstone bridge was used to measure the 
voltage output signal which was calibrated against a known in­
put of electric energy to the thermostatically controlled heat­
ing elements of the calibration plates. A linear calibrating 
factor was obtained. The instrument can invite enthusiasm for 
further development to meet the hostile environment of furnaces 
and probably may produce a reliable measurement of the net heat 
transfer to the charge or walls (this is the author’s opinion).
Less attention has been contributed to the development 
of the cooled-type flow meters, especially during the past 
thirty years. The slow response of these devices to describe 
the fluctuations in furnace operation, and the cost of computer 
based on-line processing of the many variables involved within 
a heat flow meter, and utilizing them to describe the furnace 
variables, are amongst other causes which had hampered the 
enthusiasm to further develop these devices. Nowadays, low 
cost microprocessors can provide a measurement and control of 
the furnace variables. The successful microprocessor-based 
package must, essentially, rely on a well designed heat flow 
meter and software.
1.1.1.1 A Survey of Earlier Work
This brief survey reviews the background of the water- 
cooled heat flow meters where heat transfer was measured by 
means of the energy absorbed by water.
As was outlined by Baulk (1950a), Hudson attempted to, 
empirically, formulate the fraction of heat liberated in a 
boiler combustion chamber as early as 1890. His work was 
later modified by Orrok as follows:
=  1 
1 + 27
where y = fraction of heat liberated in a combustion 
chamber and absorbed as radiation, A = weight of air per unit 
weight of coal-fuel, = weight of coal-fuel per unit area 
of projected radiant heating surface. In 1925, Broido used 
the Hudson-Orrok formula to produce the relationship between 
the heat liberated per unit area of the radiant heating sur­
face and y in a single curve, and claimed its accuracy to be 
within t20 percent. Milkin, in 1935, found that the formula 
was fairly accurate for a particular coal-fuel with various 
excess air rates, while the curve was accurate for a specific 
air rate and different fuels. From these attempts one can 
feel the desire to understand and control the furnace perform­
ance, in spite of the considerable task which faced the early 
investigators to measure the combustion variables.
Genuine researches of the furnace performance were 
initiated experimentally in about 1916 by Kreisinger, while 
theoretical treatments were initiated by Wohlenberg very much 
later in about 1925 (Baulk 1950a).
What was probably the first attempt to devise an indus­
trial heat flow meter, was made in 1927 by the Russian scien­
tist Kirpitchev. All that is known of Kirpitchev1s work has 
been derived by Baulk and Thring (1944), from a later Russian 
paper, and apparently the meter consisted of a cylindrical 
thermal probe which was used in boiler furnaces to take account 
of the hemispherical heat flows regardless of their directions. 
In 1935 Croft and Schmarje described a steady-state heat flow 
meter, which consisted essentially of a cylindrical calori­
meter of 40 mm in diameter with a flushed quartz window cooled 
by water at a rate of 4 to 4.5 grams per second. The rise in 
cooling water temperature was measured by a copper-constantan 
thermocouple. The calorimeter was surrounded by two water 
cooled chambers which were separated by an air space. The 
meter was calibrated by comparison with a true black body.
Croft and Schmarje were able to show that the Hudson-Orrok 
formula was applicable to a furnace in which a considerable 
proportion of the water-cooled surfaces were slag-covered, 
while Wohlenberg's theoretical treatment was correct for clean 
surfaces. A year later, Croft and Schmarje described a means 
for separating the heat transfer by radiation from that due 
to convection. They minimized the effect of convection by 
surrounding ..the calorimeter with a screen of high velocity 
air. By using that meter Croft and Schmarje were able to 
amend and assess their work which was based on the measurements 
obtained by their first heat flow meter. The instrument was 
capable of measuring a maximum heat absorption rate of about 
30 watts per square meter. Styrikowitsch (1944) described 
two heat flow meters which were employed in boiler furnaces.
The first consisted of a water-cooled calorimeter, supported
by the water-cooled arm, from which it was insulated. Thermo­
couples, used to measure the temperature rise, were placed in 
the water streams. The instrument was of excessive time lag 
(thus was used only to calibrate Strikowitsch*s second instru­
ment). The construction was similar to that of Hottel’s meter 
(mentioned earlier) , except that it was mounted on a water-1 
cooled arm. The instrument was used to investigate the dis­
tribution of radiation in boiler furnaces.
Baulk and Thring (1950a,b) and Thring (1962) described 
a heat flow meter which they developed in about 1944. This 
consisted of a small calorimeter mounted, on the side of the 
end of a water-cooled supporting arm, in such a manner that 
it received heat from the one direction which faced the calo­
rimeter receiving surface only. Received heat was absorbed 
by the cooling water and was estimated from knowledge of 
the temperature rise, flow rate of cooling water and the calo­
rimeter receiving surface area. Such a type of instrument 
was not so suitable for measuring the radiation of the flame, 
as it was not easy to separate the radiation from the flame 
from that of the walls behind it. However, it was possible 
to insert the instrument to any desired length within the 
furnace to study the uniformity along or across the flame, 
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Baulk (1950a) described various techniques which were 
available for measurement and study of heat transfer in fur­
naces. The best technique was the use of a twin calorimeter 
which was developed by Thring (1951). The original idea to 
develop the twin calorimeter was brought to the attention of 
Thring by Professor Sarjant in about 1941, and was based on
the possibility of separating the heat flow to the charge from 
that leaving the charge in furnaces such as the open hearth 
and the glass tank. The twin calorimeter heat flow meter con­
sisted of two separate water-cooled calorimeters mounted on 
the end of a water-cooled arm, such that one calorimeter could 
receive heat flow from a solid angle , tt, in a given direction, 
while the other calorimeter received heat flow from the other 
solid angle, t t, in an opposite direction. Thus, when the instru­
ment was inserted into an open hearth furnace close to the slag 
surface, the calorimeter facing upwards would measure the heat 
flowing in the downward direction through a plane at the posi­
tion of the calorimeter. The heat flow would be due to the 
radiation from the crown, radiation from the flame and convect­
ion from the flame, and could be expressed as;
D.H.F. = o e£ (T^ - T.1*) + <j(1 - e£) (T^ - T^)
+ h, (T - Tc)    . (1.1)
where D.H.F. = downward heat flow per unit area
a = Stefan-Boltzmann radiation constant 
e£ = emissivity of flame
TR,Tf’Tc = ‘temPera‘tures °f roof, flame and calorimeter 
surface respectively
hc = coefficient of convective heat transfer.
The calorimeter facing downwards would read the heat flow in 
the upward direction due to the re-radiation and reflection 
from the slag surface, and represented the heat flowing in 
the same plane as before, but in an opposite direction;
U.H.F. = « Ef (Ts" - T^ )    (1.2)
where
U.H.F. = upward heat flow per unit area 
Tg = temperature of slag.
The difference between the two readings was a measure of the 
net heat transfer into the bath.
For the British Iron and Steel Research Association (BISRA), 
Fowler (1950, 1951) described the performance of a heat flow 
meter which he constructed in about 1950 based oh Mayorcas*s 
heat flow meter (Thring 1951). He has shown that when the 
instrument was used at radiation levels corresponding to black- 
body radiation between 1000°C and 1300°C, it became necessary 
either to measure very much smaller temperature rises of 
cooling water in the calorimeter, or to correct for the effects 
such as conduction from the calorimeter cooling water to the 
surrounding water by a calibration factor. Calibration in a 
gas-fired furnace was not sufficiently reliable owing to the 
presence of flame effects (he used a steel melting gas-fired 
furnace), and it was necessary to use a muffle furnace - pre­
ferably electrically heated. The instrument consisted of a 
circular calorimeter mounted and supported by a water cooled 
arm. The calorimeter was designed with a cap of brass with 
circular corrugation.
As was stated earlier, IFRF used various heat flow meters. 
The circulating water heat flow meter was the only version of 
the IFRF to be constructed as based on the heat absorbed by 
cooling water, unlike the already stated techniques. The 
instrument could be used to measure the total heat received by 
a cold surface (temperature less than 80°C), which, therefore, 
radiated negligible energy. The receiving surface was a metal
pellet cooled by water. The total heat received, was
obtained by measurements of water flow rate and temperature 
rise as;
^  = m Cp AT ........... (1*3)
where m, AT and are mass flow rate, temperature rise 
and specific heat of cooling water respectively. Time response 
of the instrument was relatively short, about 10 seconds, but 
its poor accuracy was a result of its lateral losses.
The Shell Central Laboratories at Egham have used heat 
flow meters of similar basic designs to those stated earlier 
for the IFRF. Furthermore, the circular calorimetric heat flow 
meter was used by the Shell Group, and was based on Fowler's 
heat flow meter.
For the U.S. Office of Naval Research, Fingerson (1962)
developed a heat flux probe for dynamic measurements of heat
flux intensity of the order of 12.5 MW/m2 within an environment 
of 3000°C, and atmospheric pressure. His instrument was simi­
lar in operation to the hot wire anemometer with constant 
temperature compensation. The wire was replaced by a small 
glass tube with a platinum film on the external surface. The 
tube outer and inner diameters were 0.15 and 0.1 mm respecti­
vely, with 1000°A platinum coating thickness. Water was forced 
through the tube with sonic velocity. A compensating circuit 
was designed to maintain the probe resistance, and hence the 
surface temperature constant. The operation of the system 
was based on the following heat balance;
l2n A (T_ - T ) + A„ U (T - T )   0-4)p p  o o c o ^ c  w' v
where I is the current in probe, R , A , T are resis- p r 9 p ’ o 9 c
tance, area and surface temperature of probe; T^, T , the 
mean temperature of environment and coolant; hQ and U are 
heat transfer coefficients between environment and probe sur­
face, and from probe surface to water respectively.
When the temperature and the water flow rate were held constant, 
the term, AQ U (Tc - Tw) of equation (1.4) would be constant. 
Hence, changes in input power from the compensating circuit 
represented the changes in heat transfer between the sensor 
and its surrounding environment, from which the environment 
temperature was evaluated using the term, hQ AQ (Tc -T J ,  of 
equation (1.4). The instrument was reported to have a time 
response of the order of 250 ys, but its industrial performance 
was not disclosed. But in the author's opinion, to maintain • 
the water flow rate and its temperature as constant under 
transient condition is an impossible task, and hence the in­
strument is applicable only for steady-state measurements.
Glaser (1953) described a high radiation-flux, absolute, 
water-flow calorimeter which was capable of measuring flux 
densities equivalent to blackbodies at 4000°C, with minimal 
heat losses. It consisted of a blackbody receiver provided 
with a conical aperture and contained in a cylindrical housing. 
The cooling water was circulated through coils around an inner 
cylinder which acted as a radiation shield, then absorbed the 
heat flux entering the spherical receiver. Thermocouples were 
installed in the inlet and outlet of the cooling water to 
measure the temperature rise of water. Cooling water was used 
also to keep stray radiation from heating the shield and to 
reduce radiation heat transfer between the measuring section
of the calorimeter and the ambient. The instrument operation 
was governed by the heat balance at steady state condition 
such as;
a <j> = AT m C + <{>T .............
P ^
where a = absorptivity of the receiver 
Cp = specific heat of water
AT = differential temperature of cooling water 
m = mass flow rate of cooling water
<|>k = heat losses.
It was reported that the instrument had a response time of 
10 seconds and was capable of measuring heat flux densities 
of up to 16.6 MW/m2 with an estimated error of t 5 percent.
The instrument was used to calibrate an imaging furnace under 
various operating conditions.
To prevent overheating of vessels containing liquid pro­
pane under pressure, the American Petroleum Institute specifies 
a minimum supply of cooling water of 0.133 kgm per square metre 
second. Van Eijndhoven (1974) felt that more pertinent infor­
mation would be necessary, and hence a heat flux density meter 
was developed as part of some experimental studies. The meter 
consisted of an electrolytic copper disc of 24.78 mm diameter 
and 2.27 mm thick sensing element connected to its support by 
means of a glass bar of 5 mm diameter. The other surface of
this disc was blackened with soot. A stream of cooling air
was used to absorb the energy from the sensing element as well 
as to minimize the natural convection error during calibration 
of the meter and incident radiant energy measurement. The 
water cooling was necessary to maintain the air stream at a
desired reference temperature. The heat energy was metered 
as a function of the amount of cooling air. The instrument 
was capable of measuring heat flux intensities of 1.5 to 25 
KW/m with reproducibility of better than 8 percent. The 
instrument required an average of 460 seconds after exposure 
to reach steady-state condition.
Although heat pipe technique has been used to absorb the 
energy from a drawn flue gas sample (Neutronics Ltd. 1980), 
its application in the heat flux meters was recently reported 
by Kangqi (1981). He described the development and application 
of two types of circular foil sensor heat flow transducers, 
namely R1 and R2. Both instruments were self-cooled utilizing 
a heat pipe technique, at the end of which was a hollow copper 
cylinder with a piece of constantan foil welded to it. A copper 
wire was welded to the centre of the foil, thus forming the 
sensing element. The incident heat flux on the sensor was 
dissipated to the surroundings through the heat pipe walls. 
Steady-state was established when the heating rate and the 
dissipated energy were equal, and thus the transducer was 
realized as operating at its peak capability.
Type R1 was reported to have a capability of measuring 
heat flux intensity of up to 210 KW/m2, R2fs corresponding 
value was 500 KW/m2. The corresponding heat pipe wall tempe­
ratures and rise times (from 25°C base), of R1 and R2 were 
187°C, 150°C, 588 seconds and 400 seconds respectively.
R2 was improved by increasing the heat pipe surface area by 
fins. The governing theoretical analysis was;
dT _ , ^  ^  ^ ^  m
Jp dxC = <j> - h A„ (T - T ) - a en An (T ** - T H) ... (1.6)O O  C 00 C O  C oo-'  ^ '
where Cp = heat capacity of the transducer
Tc = temperature of transducer, heat pipe 
= surrounding temperature 
Aq = heat dissipation area of transducer 
ec = emissivity of transducer surface 
hQ = skin coefficient of convective heat transfer 
a = Stefan-Boltzmann constant 
x = time 
<J> = heating rate
♦. = q . As
q = heat flux 
Ag = area of flux receiving surface.
At steady-state operation;
d Ts C ---- = 0
P dT
This instrument could be improved to offer a self-cooled unit 
which is safer for all abnormal occurrences in operating 
conditions.
1.1.2 Combustion Control
Regardless of furnace load, supply and surrounding 
variations, a combustion control system is judged on the close­
ness with which it can command a combustion process to its 
ideal of stoichiometric conditions in the most desirable manners 
This ideal is a function of the correct control of the proport­
ioning ratio of fuel to air supplies under all operating con­
ditions .
There exist a great number of combustion control systems 
for industrial applications and these may be classified into 
two groups, based on whether a combustion control system per­
forms by monitoring and control of combustion variables directly 
or indirectly.
1.1.2.1 Indirect Combustion Control Techniques
Typical examples of the indirect techniques are; the 
various types of proportioning techniques of supplied fuel and 
air to a combustion chamber, and the monitoring of one or more 
of the constituents of flue-gas. The proportioning techniques 
are the most widely used for industrial application. Hancock 
(1965) has reviewed the very wide field of air to gas proport­
ioning equipments extensively. His paper was considered to 
be the first attempt in Britain to classify and detail the 
types, applications and fundamental principles of the various 
fuel to air proportioning techniques. The AGA. (1974) has 
outlined the techniques as applied to natural gas fuel. Aris 
(1965) detailed the nozzle-mixing group, while Hoggarth's 
(1973) contribution was to detail the injector approach in the 
air to fuel proportioning techniques. Hoggarth described the 
injector mixing devices with the theoretical treatment of the 
performance of the injectors of various configurations in 
view of force-momentum balance to the mixing process.
The choice of proportioning techniques depends on the 
burner design, the manner in which the throughput is to be 
varied and the conditions of pressure into which the burner 
is to operate. Hence the application of the systems is re­
stricted to specified designs of furnaces. This introduces a
disadvantage which.adds, to that of the. variation in tempe­
ratures of burner supplies. For an increase in air tempera­
ture, the momentum of the jet stream rises for a given S.T.P. 
flow rate. The actual mass flow rate of air through a given 
orifice at any air supply pressure is reduced because of the 
reduction in density. Thus, the proportion of gas in the 
mixture can increase causing the stoichiometrically controlled 
air to gas ratio to fall towards rich combustion. Usually 
these systems are designed for firing a specified gas, and thus 
the flexibility to fire various gaseous fuels is not possible 
without causing malfunction. The unavoidable ingress of air 
to furnaces, the variation in the ambient temperature and the 
frictional effects of the moving parts of the controlling 
pressure governors of the gas supply can all cause further 
disadvantages in this technique.
The accurate measurement of the supply flow rates of gas 
and air, and hence control of their ratio is another method 
of the proportioning technique. This method is based on the 
assumption that the properties of air and gas are constant 
and do not vary under all operating conditions. This method 
shares the disadvantages of other methods of the proportioning 
techniques, but recent development in the mass flow rates of 
air and gas using thermistor anemometry has reduced the effect 
of density variation of the supplies to the burner (Churchill 
1979, Foulkes 1979).
Although considerable advances have been made in the 
development of the proportioning techniques, further research 
is still required to overcome the features that still exist, 
which hamper the development of an ideal and inexpensive method.
Other indirect combustion control techniques rely on the 
measurement of one or more of the flue-gas properties. The 
major difference between these systems is the way in which 
the particular property or properties of the flue-gas are 
measured.
Typical methods involve; the measurement of the opacity 
of flue-gas, the concentration of carbon monoxide, carbon 
dioxide, or oxygen in the flue gas (Martin, 1966 ,^ Bonne 
1979, Molloy 1979, Ormerod 1979, Sherman 1979, Hamworthy Eng. 
Ltd. 1980). These methods have their own disadvantages.
In all probability, the ease with which carbon dioxide 
is measured made its concentration monitoring in the flue-gas 
method for combustion control one of the oldest techniques 
in this line. It is an inferential method where it infers 
how much oxygen is used in the combustion by measuring the 
concentration of some product constituents. The main object­
ion to this method is the manner in which the system is used, 
i.e. the carbon dioxide concentration is assumed to be con­
trolled at some pre-determined set value. This assumes that 
the hydrogen to carbon ratio of the fuels is constant through­
out the combustion process. In fact, hydrogen to carbon ratio 
varies widely for various fuels, and frequently for the same 
fuel at different times (Bonne 1979). Furthermore, some fuels 
contain carbon dioxide in their composition.
Peak seeking technique and thermal stability (Nightingale 
1959, Marson 1963, Maybach 1963, Roots 1969, Roots 1970, Smith
1971) may be considered to solve the control problem, but it 
is true to state that the carbon dioxide peak concentration
does not coincide with the stoichiometric condition of a 
combustion process, but tends towards the weak region (Gaydon 
1974, Kuhner 1975, Smith 1975).
On-line oxygen measurement in flue gas is relatively recent 
(Nightingale 1959, Dunsted 1969, Molloy 1979, Ormerod 1979, 
Hamworthy Eng. Ltd. 1980). Reliable oxygen analysis, such as 
zirconium oxide cell-based analysers, can provide a continuous 
monitor of the residual oxygen in the flue-gas.
Control systems have been devised using this technique, 
but are still hampered by the unavoidable air inleakage to the 
furnace and flue-gas systems. The elevated furnace pressure 
cannot eliminate the ingress of oxygen by diffusion into the 
furnace, because of the differential concentration of oxygen 
between that within the flue gas environment and surroundings 
(Fatlawi 1980) .
Opacity is detected by the transmittance of light through 
the flue-gas that passes along a flue-gas stack or duct (Molloy 
1979). Ash and gas borne matter in the flue gas vary conside­
rably from one fuel to another regardless of their combustion 
conditions. This introduces a disadvantage in the reliability 
of this method, in addition to the fact that the light beam 
may not traverse a representative cross-section of the flue- 
gas due to the boundary effects.
The flue gas analytical technique was extended to include 
the monitoring of carbon monoxide for combustion control (Birkby 
1973, Ormerod 1979, Measurex Int. Sys. Ltd, 1980). This method 
can only be developed on a solid foundation, when the relation­
ship between carbon monoxide concentration, unburnt carbon and
oxygen will be established. No specific tests have been made 
available, so far, of this relationship. However, tests which 
were conducted by the Central Electricity Generating Board 
(Birkby 1973), suggesting that large pf-fired boilers operate 
to carbon monoxide concentration below 100 ppm did not have in­
creased unburned carbon losses. This observation has initiated 
investigations to incorporate the carbon monoxide analysis into 
automatic control systems for pulverized coal fired boilers as 
an on-line trim of combustion air. Microprocessor-based control 
systems to monitor CO have been developed by projecting a sensor 
to traverse the flow of flue-gas in the flue-stack and hence 
measure the concentration of carbon monoxide (Measurex Int. Sys. 
Ltd. 1980). The control systemis pre-set for an aimed level 
of carbon monoxide using the infra-red analytical technique as 
a sensor. The use of infra-red analysers is fast, but the infra­
red probe may not traverse a representative sample of the flue- 
gas in the stack, hence causing a drawback in the performance 
of the combustion control system. Furthermore, due to the 
elevated temperature of flue gases as they leave the furnace, 
further reaction may reduce the concentration of carbon monoxide 
at its measurement cross-section in the stack, as compared with 
its actual concentration within the product constituents at the 
end of the combustion process.
A common disadvantage exists with all the flue-gas ana­
lytical techniques for combustion control when the combustion 
chamber is equipped with more than one burner. In any multi- 
burner combustion chamber, burners may operate widely from the 
ideal, but the final output of the whole system can yield 
constituents of flue gas with concentrations very close to the
ideal expected from a combustion process.
The flue-gas is usually analyse'd by drawing a sample 
and conditioning it. This process is liable to alter the 
actual concentration of the flue-gas constituent to be moni­
tored, in addition to the time lag which is needed to complete 
the analysis, such that the processed sample may no longer 
represent the actual combustion characteristics. Using such 
a sample for control purpose may cause the control system to 
drive the combustion process in a reverse direction to that 
which is desired.
1.1.2.2 Direct Combustion Control Techniques
The techniques include methods for combustion control 
which monitor the combustion performance by a direct super­
vision of the flame within the furnace.
A novel approach was reported by Smith (1975), who 
utilized the peak emission of some combustion product species 
within the infra-red region of the spectrum. The two species 
with distinguished peaks were carbon dioxide and water vapour. 
Carbon dioxide peak occurs at towards the lean side of stoichio­
metric combustion, while that of water vapour occurs towards 
the rich side of stoichiometric combustion. Both peaks were 
very close to stoichiometric (Gaydon 1974).
Spectral emission varies in magnitude, and hence radiation 
of flame is at its peak intensity when the spectral emission 
magnitude is at a maximum, which is a function of the flame 
species concentrations and temperature, which in turn are a 
function of fuel to air ratio and their degree of mixing. The
technique was tested by Harfoot (1979) of Land Pyrometers Ltd., 
and he reported that the results were disappointing for medium 
size boilers, although successful results were obtained when 
the system was used on large water tube boilers. Harfoot used 
a microprocessor-based combustion control system throughout 
his investigations.
Kuhner et al. (1975) reported investigations on combustion 
control in which the ultra-violet and infra-red regions of the 
flame were considered. Kuhner reported a remarkable temperature 
drift when he investigated the infra-red in which the detectors 
were lead sulphide and indium antimonide (Martin 1966), similar 
to those used by Smith. The drift was caused by the black resis­
tance of the detectors. Chopping devices are usually adopted 
in the construction of units utilizing infra-red. This is to 
interrupt cyclically the infra-red beam path to minimize such 
drawbacks. However, this device was employed by Harfoot too, 
yet the test was disappointing for medium size furnaces.
1.1.3 A Control Signal
The complex nature of flames (Gaydon 1974) makes it 
difficult to select one .or two control variables within the 
combustion process as truly representative for the process.
The interference caused by the noise signal and the varying 
position of stoichiometric along the furnaces as the fuel/air 
ratio varies, makes it almost impossible to define a certain 
position(s) for the detector(s) of the infra-red beam.
Eventually, more than one base detector must be used at 
various positions in the furnace and their average signal 
then used for control purpose. The distortion of peak emission
of infra-red from CC^ and F^O species in the furnace, due to 
the various operating conditions, can result in fooling the 
infra-red control system,or the signal can be too small for 
useful detection and hence controller activation (Land Pyro­
meters Ltd. 1980^).
Light-pipes have recently been used successfully in the 
field of communications. On equivalent bases, the water- 
cooled light-pipes (Glaser 1962) do invite development for 
use in the field of energy conservation in the combustion 
processes. Development of specific filtering devices for 
sounds (Gaydon 19 70) of various flames for various furnaces 
can further- encourage the future control of optimal combust­
ion processes.
The field of mastering a combustion process control to 
its ideal is still open wide for research and development.
The challenge will be to develop a tool that can truly repre­
sent the flame via a signal which, with the great advances 
of microprocessors until now, can easily handle it for control 
purposes.
None have been reported on the use of a spherical shaped 
heat flow meter with an extended range of measurements via 
the addition of water cooling. Probably the hostile environ­
ment of furnaces and the reported slow response of the various 
designs (outlined previously) may be amongst the main reasons 
for a lack of enthusiasm to develop this technique further.
1.2 Theoretical Considerations
The first step towards the investigation of the charac­
teristics and behaviour of the gross heat flow meter was to 
formulate some indication of heat and energy flows in a cali­
brating furnace and thus study the performance of the meter 
under various operating conditions of the furnace. Typical 
performance curves of the transient test are given in Fig. 2.4, 
while the performance for other transient operating conditions 
is presented in Appendix II (Fig. II.1 to Fig. 11.12). Under 
steady-state operating conditions the performance curves of 
the meter are shown in Figs. 2.5 and 2.6.
A considerable understanding was achieved from that initial 
study, which led to formulation and planning of the calibration 
of the meter via the selection of the most reliable calibration 
signals. The relevant parameters that were encountered in the 
performance of the heat flow meter, Figs. 2.8a1-n£, show the 
mode of variation of the signals which were investigated (see 
Appendix V and Table 2.2).
The control signal which was selected was to show a 
reliable representation of the flow of energy in a combustion 
chamber of a medium-size gas-fired furnace. Thus to help to 
assess the signal performance under varying fuel to air ratios, 
a theoretical indication of the performance of the energy 
release in such a furnace would be most needed to help in defi­
ning the most successful signal (s) before practical tests of 
the experiment would be started.
A computer program (FLAME) was prepared to provide some 
understanding of the energy flows in a combustion process »and
the flame temperature under the various ratios of fuel to air 
for the range of interest (Appendix III). This program was used 
to define the needed variables for the desired increments in 
fuel to air ratio (Section 6,2). At the peak of the energy re­
lease (i.e.; about the equivalence ratio of fuel to air of 1.0), 
the increments were selected at small values of 0.01 to provide 
a clearer definition of the energy release from the flame at the 
region of major interestHeat balance method was employed as one 
of the applicable means to calculate the heat release. This was 
used to evaluate the measured variables and hence the meter in 
application. Other methods were applied too for further justi­
fication of the performance of the gross heat flow meter.
(Appendix VIII).
1.3 General Remarks
From the survey of the earlier work which utilized water 
cooled probes for the study of heat transfer from flame in 
furnaces, the temperature rise of cooling water was used as 
an indicative signal for investigating the heat release. The 
signal was calibrated under steady flow rate of water. How­
ever, the maintenance of a steady rate of cooling water under 
varying temperatures of the probe surface may be difficult.
This reveals the unreliability of using the temperature rise 
of cooling water as a controlling or measuring signal (Fowler 
1952). Fowler (1950, 1951) has shown that for his conductivity 
meter it was necessary either to measure very small temperature 
rises of the cooling water or to correct for losses due to 
conduction - he was using a cylindrical shape receiving surface 
in his meter construction. However, concentric guard rings 
have been included in the cylindrical type of meters (Chedaille
1972) to minimize the losses due to conduction.
Disc shaped receiving surfaces (Gardon 1953, Seller 1962, 
Vrolyk 1962, Ballintijn 1968, Hoogendoorn 1970) have also been 
used. Although losses were still a hampering factor of the 
reliability of these devices, the reduced thickness (and some­
times diameter) of the discs have shown a great improvement in 
the response time as compared with cylindrical or the flat face 
(Thring 1951) surfaces-probes.
No attempt has been reported on investigating the use of 
water cooled probes for control of furnace operation. This 
may be due to the excessive time lag that was involved in the 
response of those probes.
Smith (1971) was able to utilize the infra-red spectra 
of CO2 and H 2 O in flames in order to produce a package unit 
to sense and hence control the furnace operation by commanding 
the ratio of fuel and air feeds. However, Harfootfs (1979) 
investigations led to the fact that the application of the 
Smith system (1971) for controlling a medium size furnace was 
disappointing. This may be due to the fact that Smith's work 
has ignored the effect of convection in his investigation.
This effect plays a significant role in the heat transfer from 
flames in medium size furnaces, especially where recuperative 
burners are employed (Jenkins 1980). The non-invasive tech­
niques to monitor the furnace performance, and hence to control 
the feed ratio to the furnace have their disadvantages (Section 
1.1.2.1). Further remarks, in general,are given in Section 2.1.
1.4 Objectives and Planning of Research
The object of this research was to produce a tool which 
can withstand the hostile environment within a furnace, in 
order to measure the gross heat transfer at any position inside 
a combustion chamber, by means of the amount of heat absorbed 
by the coolant of. a GHFM and / or’ its . control signals.
To achieve this end, the first requirement was to design and 
construct the instrument. Secondly, it was necessary to con­
dition the instrument and to investigate its performance ex­
perimentally using a small-scale, electrically heated furnace. 
This furnace was to be instrumented to carry the task.
It was hoped that due to the directness of the system in 
monitoring the furnace performance from within the furnace en­
vironment, rather than the conventional indirect techniques of 
combustion control (Section 1.1.2.1) that the device could be 
a potential transducer for a future microprocessor based con­
trol system package for furnace control. This phase of the 
research was intended to establish the basic data for the re­
lationship between the variation of the instrument variables 
and the fuel to air ratio.
To achieve this final phase of the research, it was necessa­
ry to use a medium size, natural gas-fired recuperative furnace 
(where other direct combustion control systems have failed - 
Section 1.1 . 2 . 2) .
The first aim was, thus, to instrument the furnace fully, 
such that the significance of the combustion process variables 
could be investigated experimentally. These control variables
were to be estbalished such that future work will be to inter­
face them to a Motorola 6809 Exorset 30 development system, 
available at the University of Surrey, from which the eventual 
controller can be produced as an inexpensive single board 
microprocessor with peripherals to suit the application for a 
universal prototype industrial combustion control system, 
microprocessor-based.
CHAPTER 2
DEVELOPMENT OF OUR PROTOTYPE GROSS HEAT FLOW METER
One method of monitoring the heat flows directly in a 
combustion chamber may be achieved by inserting a heat absorbing 
device within the desired location within a furnace, such that 
a variable or variables may be transduced via the device to 
transulate the level of energy released from a specific flame, 
compare and measure the heat flows at various points along and 
across the flame, and, most of all, to be of a potential per­
formance for integration in a combustion control system package 
- microprocessor based.
2.1 Design Requirements of the Heat Flow Meter
The heat flow meter was essentially water cooled, such 
that it could offer the possibility of being inserted in any 
hostile environment of furnaces, without constructional de­
formation of the meter.
The brief review of the early heat flow devices (see Sect­
ion 1.1.1) shows that these were designed to meet a specific 
aim in the flames and combustion researches. The meters with 
flat-receiving surfaces were intended to measure the heat trans­
fer to the walls, wall-embedded sinks, and similar applications, 
where a specific section of the combustion regimes were in­
vestigated (Baulk 1944, Vrolyk 1962, Thompson 1967, Van Eijnd- 
hoven 1974, Andretta 1982). The semi-spherical and spherical 
receiving surfaces meters were designed for wider scope of 
vision in the hemisphere of furnaces (Thring 1951, Fingerson 
1962, Kanqui 1981). Others were designed to receive the incident
radiation by a mirror so designed that its thermopile can 
receive all reflected radiation with no significant losses 
(Glaser 1953, Chedaille 1972). Some meters were facilitated 
by streams of air or nitrogen to extend their capability for 
separating radiation from convection (Clatworthy 1960, Thompson 
1967, Ballintijn 1968), and/or for others to prevent foreign 
matter, such as oil droplets and dust from contaminating the 
receiving surface mirror (Glaser 1953, Chedaille 1972).
The absorbed energy by the cooling medium was taken as a 
measure of the local heat absorbed in the furnace (Fowler 1952), 
while the temperature rise signal of the cooling medium was 
taken as the calibration basis of the heat energy absorbed or 
released (Clatworthy 1960).
In general, the time lag of the meter to track the fluct­
uations of flames, the conduction of heat from furnace walls 
to meters, the unstable flow rate of the cooling medium, the 
hostile environment within furnaces and the inadequate trans­
duction of the true flame spectra (Harfoot 1979)' by the present 
technological capabilities were probably the most apparent 
factors that have hampered the development of those devices 
to the desired stage of successful application in all furnaces.
One may conclude that much remains to be done in the 
development of the ideal method for the measurement of flames 
and control of combustion, although with the instruments al­
ready developed, many of the answers to furnace design problems 
could be obtained.
A meter which can withstand the hostile environment on 
permanent bases of installation, and so measure the hemis-
pherical gross heat flows within a furnace was envisaged. The 
meter was to offer the possibility of being integrated in a 
packaged microprocessor-based combustion control system; speci­
fically for medium size confined jet furnaces (about 500 KW)
(see Section 3.1 and Harfoot 1979), yet universally applicable 
to other furnaces.
The design of the meter was finalized by the Fuel and 
Energy Research Group of University of Surrey (FERGUS), in 
their meeting of August 1981 (Jenkins 1981). The instrument 
was to be constructed such that it could be inserted easily 
inside an available, recuperative type, natural gas furnace 
(Section 3.1), with no structural alterations to be carried out 
to the furnace shell, but existing holes could be utilized 
(see Fig. 2.1, design sketch of the gas-fired furnace).
2.1.1 Construction of the Heat Flow Meter
All constructional materials for the meter were of stainless 
steel type 316. This alloy was chosen because of its high con­
ductivity, non-magnetism, corrosion resistance within a furnace 
environment and ability to withstand the combustion hostile 
environment permanently, provided that the alloy surface tempe­
rature is maintained below 800°C.
Figure 2.2 shows the dimensions of the meter. The dimen­
sions were obtained using the best skill and the available 
facilities of the Workshop of the Department of Chemical Engi­
neering ,
Our prototype meter consisted of a spherical receiving 
surface mounted at the end of three concentric tubes. The
receiving surface was formed by welding two identical half 
spherical shells which were machined with male-female provision 
with sufficient precision to produce an air tight spherical 
shell. The inside surface of the hollow sphere was imagined 
to be divided into six equal areas (allowing for the inlet 
segment for the concentric tubes). A hole was drilled in the 
centre of each area to a depth of 2.85 t 0.0 3 mm in a perpen­
dicular manner to the surface. The hole diameter was 0.55 mm.
The holes were drilled to accommodate thermocouples.
The three concentric tubes were admitted inside the hollow 
sphere to their desired position through a hole which was drilled 
centrally in one half of the shells perpendicular to the plane 
which divided the two shells. The outer tube was terminated 
at the inside surface of one of the half shells and welded to 
it. The middle tube was terminated 3 mm short of contacting 
the inside surface of the other half (to allow for thermal 
expansion) and its end was shaped into four equal sized triangles. 
A hole was drilled centrally through a solid sphere such that 
it was possible to sleeve it over the middle tube and to posi­
tion it concentrically within the hollow sphere and thus to 
weld it to the tube. A hole was drilled through the solid tube 
and middle tube perpendicular to the tube centre-line. The 
inner tube was terminated at this last hole where the eight 
thermocouples (see Section 2.1.4) were drawn out to be positioned 
such that two thermocouples could traverse the cooling water 
inlet and outlet respectively as closely as possible to the 
tube’s entry to the sphere. The other six thermocouples were 
embedded one in each hole of the hollow sphere's inside sur­
face and soldered. A baffle was sleeved on the middle tube to
allow the even spread of cooling water throughout the spherical 
space. The free ends of the tubes were soldered together.
The outer and middle tubes were each fitted with a nipple to 
provide means for connecting the outlet and inlet water hoses 
respectively. The inner tube was extended, through which 
thermocouples were drawn and then sealed by a compound to 
prevent water leakage through it.
Appropriate terminal connectors and lead wires were 
connected to the thermocouples to allow interfacing of the 
meter with other instruments. For this particular meter the 
sensor head weighed 939.65 grams and consisted of the follo­
wing components, weights in grams;
the hollow sphere = 693.59
the solid sphere = 220.00
inner tube portion within the hollow sphere = 3.71
middle tube portion within the hollow sphere = 11.85
outer tube portion within the hollow sphere = 2.60
baffle = 7.90
The length of cooling water tubes was not critical and was 
chosen to suit the existing research requirement.
2.1.2 Criticism of the Meter Machining
In spite of skill and inventive ingenuity, the available 
machining facilities have hampered the desire to produce a 
hollow sphere with a wall thickness of 2 mm or to fix more 
than one thermocouple in order to obtain more accurate tempe­
rature measurement of the outlet cooling water. It is believed, 
however, that the construction of the meter has established the
techniques for machining future meters which will be based on 
the same design basis of the present meter. However, future 
meters may utilize other materials for the receiving surface 
or of certain metals such that the whole receiving surface 
becomes the hot junction of the thermopile, and may adopt the 
heat pipe (Kanqui 19 81) techniques for cooling.
2,1.3 Thermocouples
All thermocouples of the meter were chosen of chromel- 
alumel, type K (A Ri.Ind, 1981) calibrated to B.S. 1827 (IPTS- 
68) limits, of error as per ANSI MC 96,1-1975. Wire size was 
0.08 mm; both wires were insulated by 99.4 percent Mg 0 insula­
tion material and were protected with type AISI 316 stainless 
steel sheath to B.S, 3605-845. The sheath was 0.5 mm outer 
diameter, and could be welded, brazed and soldered without 
affecting the insulation characteristics (provided that normal 
care was used in view of thickness involved), and could be 
flexed to any desired shape, Installation of thermocouples, 
connecting blocks and lead wires were carried out in accordance 
with API RP 550 (1965).
2.2 Preparation for the Initial Runs
Before the meter could be used for heat flow measure­
ments, it was necessary to stabilize the behaviour of the re­
ceiving surface of the meter by conditioning it within the 
necessary environment, such that browning, brazing and blacken­
ing of the surface would be achieved (Haigh 1975), The desired 
environment should offer the possibility so that temperatures 
of various levels could be controlled for any period. It was
desired that the rig envisaged would also be capable of cali­
brating the meter.
The ideal rig would consist of an electrically heated 
spherical cavity furnace, equipped with a temperature con­
troller such that the desired temperature of the cavity ;of 
the furnace could be maintained with an adiabatic temperature 
of up to 2000°C (Burton 1951a, Fowler 1951, Chedaille 1972).
It was decided that this task should be carried out by the 
available equipment within the Department of Chemical Engi­
neering of this University due to the scarce resources for 
this project.
The available furnace was a Carbolite type; it consisted 
of a parallelpiped cavity which was centrally mounted within 
a parallelpiped Sindanyo housing (dimensions as shown in 
Fig. 2.3)., One of the smaller vertical surfaces of the fur­
nace was a door.
Two type K thermocouples were fitted within the cavity; 
each was contained within a ceramic sheath. One thermocouple 
was connected as a feedback for a Bristol Pyrometer Controller 
by which the desired temperature of the cavity of the furnace 
would be maintained via an energy input regulator which was 
marked 0 to 100 percent. The other thermocouple was connected 
to a built-in temperature indicator. A high temperature fuse 
was used to terminate the power input to the furnace once its 
maximum operating temperature limit of 1200°C was exceeded.
The heating element of the furnace was wound with Kanthal 
A-wire rolled spirally about its own axis and embedded in the 
refractory. The insulating refractory material consisted of
granules of vermiculite, calcium silicate and an air gap.
In order to allow insertion of the meter into, and out of 
the furnace it was necessary to replace the door of the furnace 
by an H.T.I. refractory brick so shaped to meet this requirement. 
The fume hole in the back-end of the furnace was utilized for 
the entry of the thermocouples for measuring the inside surface 
temperatures of the furnace walls.
The furnace was instrumented as shown in Fig. 2.3. A 
thermocouple (as per Section 2.1.4) was flush-built centrally 
to the inside surface of each of the furnace refractory walls 
and was held in its position by means of a coat of refractory 
cement. The outer surface temperature of each side of the 
furnace housing was measured by means of type K thermocouple 
which was attached firmly to the surface after the latter had 
been well polished. These thermocouples were prepared in 
the workshop by the usual technique of high temperature for 
metal diffusion. For some runs this particular temperature 
was measured by averaging the readings of three thermocouples 
attached diagonally to any of the outer surfaces of the furnace 
housing.
The cooling water system to the meter was constructed 
from galvanized pipes, 18 mm diameter, with the necessary 
devices. Hoses were used when necessary (Fig. 2.3). The 
outlet was joined into the main cooling water return system 
(Fig. 3.1).
Since the Orion Data Logging System (DLS) (Solartron 
Electronic 1981) was not available, it was decided to. prepare 
some of the available electronic recording instruments
for the required measurements. They comprised: a Kent dual 
range, type P 250L, 12 points temperature recorder to B.S.
4937 K; Two J. Instruments, 3 pen type CR 503 and 2 pen type 
CR 6525; a Feedback type 604 Watt meter was connected to read 
the average electric wattage to the furnace; a rotameter was 
used to measure the cooling water flow rate to the meter. All 
rotameters were weight-calibrated (Appendix I, Figs. 1.1 .-*-1.4).
2.2.1 Initial Runs
As was stated already, the first aim of these runs was 
to condition the heat flow meter receiving surface such that 
its emissivity would be very close to that of a blackbody with 
a high degree of stability (Haig 1975). To achieve this end, 
the heat receiving surface of the meter was positioned centrally 
within the muffle furnace cavity. The cooling water for the 
heat flow meter was initially maintained at a steady flow rate 
of 12 grams per second. The power input to the furnace was 
set to 80 percent of its maximum. The power was switched on. 
After approximately four hours the system was very close to the 
steady-state operating conditions. It was possible to leave 
the system to run unattended, but checked intervally. The 
system was maintained under those operating conditions for a 
period of sixty hours approximately. The power input was then 
regulated to 40 percent, 20 percent and off, and the system 
was allowed to run for nine hours approximately for each power 
input level. This process was then reversed up to the maximum 
level of input power.
At the end of these runs visual inspection showed that
the receiving surface of the heat flow meter was brown and 
oxidized. The thermocouples which were attached to the in­
side surfaces of the refractory of each of the sides of the 
muffle furnace remained in tact.
Further treatment of the receiving surface of the meter 
to improve its emissivity was attempted by coating it with 
soot from an acetylene flame (but the soot burnedout).
The second aim of these tests was to define the operating 
conditions of the heat flow meter from which the average tem­
perature of the six thermocouples (which were embedded in the 
receiving surface of the meter) could be used to represent the 
energy flow to the meter, and thus the local heat flow in a 
combustion chamber. This end was achieved by positioning the 
heat flow meter receiving surface centrally within the cavity 
of the muffle furnace. An orientation of the receiving surface 
was thus chosen arbitrarily as zero degrees. The return 
cooling water tube was marked as zero degrees at its free end, 
and then the circumference of the tube was graduated in inter­
vals of 60 degrees in a clockwise direction. This scaling of 
the receiving surface was required in order to define the be­
haviour of the individual thermocouples of the receiving surface 
when its orientation was varied for the same test conditions.
The cooling water flowrate to the meter was maintained at 6 
grams per second initially. The power was switched on, from 
cold, and was switched off when the outer skin temperature of 
the casing of the furnace was still below 150°C (the upper 
range of the recorder was 150°C), while observing that the 
receiving surface temperature was below 600°C with no phase 
change of the cooling water. The same test conditions were
repeated for orientations of 120°C and 240°C. This test was 
carried out for cooling water flowrates of up to 37.7 grams 
per second, in increments of 6 grams per second.
Test for each orientation lasted for a period of four to 
five hours, depending on the water flow rate. About 90 minutes 
of this period were taken to heat the furnace. The furnace was 
allowed to cool naturally for the rest of the period.
Typical results of these runs are presented graphically 
in Fig. 2.4 (others in Appendix II, Figs. II.1 '^ I-I.-12).
Steady-state runs were carried out by allowing the system 
to reach steady-state conditions for given flow rates, ranging 
from 12 grams per second to 37.7 grams per second, in increments 
of 6 grams per second. The steady-state conditions were assumed 
when there were no variations in the measured variables. Typical 
results are shown graphically in Figs. 2.5 and 2.6.
2.2.2 Measurements
Inlet and outlet temperatures of cooling water to the meter 
individual temperatures of receiving surface of the meter, the 
individual average temperatures of each of the outer and inner 
skin surfaces of the muffle furnace walls, the average tempe­
rature of the cavity of the furnace and the surrounding ambient 
temperature were recorded continuously.
Both the cooling water flow rate to the meter and the input 
power to the furnace were observed continuously and averaged.
The measured variables were similar to those listed in Table 2.1 
except that Channel 22 was idled, and the individual temperature
of the receiving surface were connected each to an independent 
channel (six in all). For later tests, these six thermocouples 
were averaged and connected to Channel 21 (see Table 2.1).
2.2.3 Drawback of Initial Runs
From the early stages of the initial runs, a leak of 
cooling water was noticed. Though the leak was of insignificant 
quantity (a few drops per minute), it gave an indication that 
the packing compound which was forced into the thermocouple’s 
protective tube to seal it, was inefficient under pressures 
higher than 5.5 bar, particularly when thermal stresses were 
involved.
One of the receiving surfaces of the six thermocouples 
(coded T3 in Figs. 2.4^2.6) was damaged. The damage occurred 
after the completion of the initial runs by which the dis­
tribution of heat throughout the hollow shell (utilizing the 
six thermocouples individually and averagedly) was completed.
The fluctuating flow rate of the cooling water was un­
avoidable. The fluctuation was caused by other users of 
water in the laboratory. However, the booster pump could not 
be used in view of the weakness in the packing of the heat 
flow meter (Fig. 2.3).
Initial energy balance calculations of the system indica­
ted an unfavourable outcome. The energy leaving the system 
was higher than that entering the system, regardless of the 
operating conditions (steady-state or transient). The differ­
ence was ranging from 121 to 2-3%.
2.2.3.1 Rectification of Drawback
The leak from the packing was remedied by force-injecting 
more sealant compound. However, it was not necessary to boost 
the cooling water pressure to a value beyond 4.5 bar. The 
pressure was maintained at values not exceeding 4.5 bar through­
out the forthcoming tests.
The loss of one of the receiving surface thermocouples 
(T3) has altered the magnitude of the average value of the 
thermocouple signal of the receiving surface (see Fig. 2.4).
The variation in the signal, under various operating conditions, 
is shown graphically in Fig. 2.7 and Appendix 11^ Figs . II. 1 3-»-II. 1 
Maximum alteration was 5 % approximately. The signal obtained 
from the averaged output of the receiving surface thermocouples 
has been observed as one of the potential signals to be attempted 
for calibrating the meter, and eventually for monitoring energy 
release and heat transfer in furnaces (Sections 1.1.1, 2.2.5 
and 2.2.6). Therefore, forthcoming tests on the heat flow 
meter had to be based on the average signal of the remaining 
five thermocouples of the receiving surface. The alternative 
was to dismantle the heat flow meter and replace the damaged 
thermocouple, but this could have meant possible damage to 
the meter, and if not, the probable alteration in its perform­
ance. To attempt all that for the sake of improving the mag­
nitude of the signal concerned by a small fraction was not 
considered worthwhile, although some improvement in the heat 
distribution would have resulted too. This latter improvement 
may be appreciated from Figs. 2.4 , 2.7 and Appendix II.
It was possible to instal an overhead cooling water tank
with automatic make-up in order to overcome the fluctuating 
pressure. An alternative, such as an appropriately sized 
downstream pressure control valve system was not available for 
installation on the incoming feed line of the cooling water to 
the heat flow meter; it would have smoothed the fluctuation. 
However, this was not a critical problem, since the rise in 
the cooling water temperature was not observed as a potential 
variable signal to represent the heat transfer in furnaces 
faithfully (see Section 2.2,5; also Fig. 2.8d). The variation 
of cooling water has its effect on the accuracy of this signal 
(Appendix II, Fig, 11,7., green curve).
The deviation in the energy balance was at first thought 
to have been caused by the uncertainty in the thermal conduct­
ivity of the walls of the muffle furnace. This test was re­
peated - no error was found (Fig. 2.9). Other tests were 
carried out, but no error was traced, excluding the readings 
of the outlet temperature of the cooling water, which indicated 
an unacceptable higher value when compared with the readings 
of a thermocouple which was installed on the cooling water 
outlet pipe from the heat flow meter, (the effect of heat loss 
along the stem of the meter was taken into account). The heat 
flow meter was dipped into a salt bath at 600°C and the energy 
balance calculations were in agreement with those obtained when 
the inuffle furnace was used. That fact eliminated the suspicion 
which was concentrated on the muffle furnace. Finally, a thermo­
couple was inserted up to the outlet port of the spherical shell 
of the heat flow meter in. such a position that its measuring 
element was traversing the outlet cooling water from the meter 
at its outlet port,
Some tests were carried out using the salt bath for water 
flow up to 70.00 grams per second. Similar tests were
carried out using the muffle furnace. The measurements of 
both the original outlet water thermocouple and the corres­
ponding readings of the newly installed thermocouple were 
compared with those of the thermocouple on the outlet pipe 
of the cooling water from the meter.
Calculations indicated good agreement with the tempe­
rature as indicated by the newly installed thermocouple. The 
relative readings of the newly installed thermocouple to those 
on the outlet pipe were almost constant. The original outlet 
water thermocouple readings were used to express the true 
temperature of the outlet water. This is given in Fig. 2.10.
2.2.4 Selecting a Monitoring Signal
Table 2.2 shows signals which were credited to be of
such potential characters to be considered for suitability.
Figures 2.8a1*>-£ represent these signals and their deviation
from suitable lines (some dashed) in view of the available
energy within the furnace for transfer. An initially judged
signal, of linear character, was that of the temperature
difference across the spherical shell (Figs.2.8g,£) . Other
signals were more affected to one degree or another by the
variation in the cooling water characteristics (Section 2.2.6).
However, these variations are of an industrial nature and
should be allowed for in the selection of monitoring signals. 
Signals of.small magnitude are less accurate (Section 2.2.5).
2.2.5 Determination of GHFM Transfer Function
Plots of test section surface temperature thermocouple 
readings versus time are straight lines in the region (B) for
steep ramps (Fig* 2.11). These straight lines approximate the 
theoretical response of a thermocouple having a transfer function;
G^ , (s) - ( 2 . 1)
S + c
for a true ramp driving function. By examining Fig. 2.11;(a) 
and (c) can be determined. First new axes are drawn. The 0,0 
point occurs where the projection of the straight line portion 
of TMF(e) intersects the initial temperature level. Then 
temperature ramp, TMF, is;
TMF = K1 9 ( 2 . 2)
Taking the Laplace transform of Equation (2.2)
K
But
TMF(s) = —  
S2
Gt(s) = ISHCil 
TMF(s)
Hence K.
TSH(s) =
S + c
(2.3)
(2.4)
(2.5)
In the time domain becomes;
TSH(e) = K 1 a -c0 . a— e + —
- 2 n
In Equation (2.6) the term (
c
- c 0
( 2 . 6 )
) is relatively small as
compared with the other two terms, and can be reduced as;
A  e ’ ce -  0 
. 2
In the region (B), Fig. 2.11 (also Figs. 11.17+11.19 of 
Appendix II), (a) and (c) may be evaluated from the simple 
equation of a straight line;
TSH(e) = K 1 - 0 
* c
At the new horizontal axis;
TSH(e) = 0, which leads to 
1
(2.7)
o c   (2-8)
0Q is this distance between the new origin and the inter­
section of the straight line approximation of TSH(e).
From Equation (2.2) and Fig. 2.11;
= TMF2 - TMF1    (2_9)
0 2 - 6 1
From Equations (2.7) and (2.8) and Fig. 2.11;
a = . TSH2 — TSH1    (2>10)
K1 eo ^2 - 8P  
This is a typical procedure for which Run A3 was randomly 
taken as an example. For Run A3,
a = 0. 03167 , c = 0..192
and
G„(s) = 0,03167...  ..............  (2. 11)
S + 0.192
For all runs, the range of 6q was found to be 2.6 < e0 < 8*2 
minutes, which gave an average value of 5.4 minutes the 
delay time, thus giving an overall transfer function,
n 0.0293
gt (s) = .........    (2 .1 2)
1 S + 0.1852  ^ J
The heat gain in any thermal system is evidenced as an increase 
in the internal energy of the shell, thus,
where A = the surface area for convection.
The initial condition is;
T = T at r. = 0 o
so that the solution to Equation (2.13) is;
T s T°° = e" (hA/ p Cp V) x (2.14)
h A
theo r e t ica 1'ly,
(T - T ) has a value of 63.2 percent of its initial difference
Since the spherical shell cooling water can be represented 
as a very large sink, it must also be assumed that the tempe­
rature distribution in the shell is uniform; hence the time
By this procedure the theoretical average value of the time
■respc
constant was obtained (for all the test runs) and was found to 
be Tq = 5. 022 minutes. This was less than that obtained graphi­
cally; however, the graphical method was based on a practical 
approach and involved factors that may not have been encountered 
theoretically (see Table V.2, Appendix V).
Figures 2.8k1 and k2 are for two sets of transient ope­
rating conditions. Figure 2.8k2 shows an increase in the 
deviation of all investigated signals with time. However, the 
GHFM receiving surface mid-temperature (SIGN 8) has a more 
pronounced magnitude and to a certain extent its performance 
is relatively better in comparison with other signals. This 
was one reason due to which that signal was selected. The
of (T - T ).v O 00
constant can be estimated from t,
signal which was generated from the difference in temperature 
between that of the mid-section of the GHFM receiving surface 
and that of the bulk temperature of the cooling water (SIGN 1) 
does show a more faithful representation of the average tempe­
rature of the muffle furnace, and more pronounced representation 
is obvious at the lower region of the energy transfer process. 
However, Signal 1 has an average transfer function which was 
typically drawn from Fig. 11.19;
G (S) = °-0629   (2.15)
s+Q.11534
and a/c = 0.5454 which shows a higher factor of error, and is 
probably due to the inclusion of cooling water in the defini4 
tion of this signal.
It was the difference in temperature between that of the 
outer and that of the inner surfaces of the shell of the GHFM 
(i.e. SIGN 6) which has shown the least deviation in tracking 
the muffle furnace temperature with time (see Fig. 2.8Z). 
However, this signal was not implemented in the GHFM design 
and was obtained by calculations. This signal can be of a 
high performance for use in the design of future heat flow 
transducers. However, the steady state performance of Signal 6 
is presented in Fig, 2.8g. In this work, this signal has not 
been investigated further.
The a/c ratio is a measure of the effect of the deviation 
of a signal with time from tracking a desired variable faith­
fully, The average value of a/c for Signal 8 was found to 
be 0.15821, This ratio increases with the increase in factors, 
such as axial conduction errors (see Fig, 2.11 and Fig. 11.17+ 
19). Under steady state operating conditions, the performances
of Signals 1, 2, 8 and 9 were similar (Fig. 2.8b,c,h and i), 
the main difference was in their magnitudes. Other signals 
which were based on the bulk temperature of the cooling water 
or on its temperature generate very small signals, so that a 
small error in these signals means a large value of deviation 
in transduction of the tracked variable (Fig. 2.8d,e and f). 
However, the range magnitude of these signals can be increased 
by using a cooling fluid which has a higher boiling point; 
otherwise the effective use of the GHFM would be limited to 
furnaces of low level of energy release. Figure 2.8j shows a 
representation of all investigated signals under steady state 
operating conditions.
It has been predicted that the level of local energy in a 
furnace is judged by the level of the temperature of its 
gaseous mixture. During the signal investigation tests, the 
level of available energy in the muffle furnace was compared 
with the energy absorbed by the cooling water and the two 
variables were found to perform in an approximate linear rela­
tionship, but it produced a non-linear relationship with the 
level of the average cavity temperature of the muffle furnace 
(Fig. 2.8a1). This must be due to the non-linear character­
istics of the radiative energy as well as to the variability 
of the emissivities involved under varying operating conditions
However, the relationship was expressed by a regression 
as given in Fig2.8a2.A similar regression may be established to 
timate the available energy, whenever the GHFM is operated 
on the basis of local temperature of furnace gases. Initial 
comparison of the signals chosen (namely SIGN 1 and SIGN 8) 
has shown that Signal 8 is superior to Signal 1, since in all
circumstances, the maximum delay time which was possibly to be 
involved for Signal 8 was 11 minutes. The corresponding value 
of Signal 1 was 22 minutes approximately. For both signals this 
time was based on the performance of the whole system to reach 
63.2% of its steady state condition. This means that all the 
effects of the involved thermal masses (including that of the 
calibrating furnace) were included and input signal was based 
on a ramp input function (Fig. 11.17 +19 of Appendix II). However, 
minimization of the thermal effect of the calibrating furnace 
was considered at a later stage (Chapters 5 & 7).
All the reported results of the investigated signals were 
carried out for a cooling water flowrate in the range of 6 +37.7
grams/sec. It was observed that for the test conditionsof the
GHFM in the range of the operating levels of the muffle furnace, 
in use, the flowrate of 37.7 grams/sec. of cooling water was 
adequate to minimize the scattering of the individual readings 
of the GHFM receiving surface thermocouples to an acceptable 
small value. This indicated that a cooling water flowrate in 
excess of 37.7 grams/sec. may be maintained to calibrate the per­
formance of the investigated control signals.
It was a natural phenomenon in the measured operational 
variables that the response of flow to a disturbance is much 
faster than that in its temperature. This phenomenon makes Sig­
nal 1 an unattractive choice for control, unlike Signal 8 where 
less thermal systems are involved that give it better character­
istics for control under steady flow of cooling water (see Tables
5.1a &b and TablesV’;’1 &2 of Appendix V).
5.2.6 General Remarks
One observation was that the heat flow meter may be utili­
zed to define the intensity of heat energy from a single burner 
or a multiburner system (or the distribution °f heat energy
within a locality of other furnaces). This fact can be seen 
by considering Figs. 2.12a+e); the thermocouple which was 
nearest to the walls of higher temperature gave a relative 
temperature reading of higher magnitude. This fact may be 
developed further for the monitoring of multiburner furnaces, 
or for determining the design parameters of furnaces and the 
load distribution. More distinctive results can be reached . 
when the flow rate of cooling water to the GHFM is reduced 
(provided that the outer temperature of the spherical shell 
is maintained below 80Q°C).
The test has explored the most reliable signal for moni­
toring the heat transfer in a furnace (Section 2.2.5). One 
signal which was based on the differential temperature between 
the outer and the inner surfaces of the spherical shell, was 
seen to offer linear characteristics, and the fluctuation in 
the cooling water flow rate had no significant influence on its 
linear performances. Future designs of heat flow meters which 
will be based on that of the present heat flow meter may prove 
reliability if it would be based on a monitoring signal that 
would be generated by the temperature difference across the 
heat flow meter’s spherical shell.
The response of the heat flow meter (Figs. 2.11 and 
Appendix II, Figs. 11.17+19) was better than expected.
Signal 8 gave an overall average response of 5.4 minutes with 
an approximate transfer function as given in Equation (2.12).
Signal 1 has shown a better transduction of the con­
trolled variable, but the maximum possible delay time was in 
the region of 22 minutes (Fig. 11.19) compared with about 
11 minutes for Signal 1 (Section 2.2.5). However, the test
runs have shown that at lower heat generation rates, the average 
mid-temperature of the shell of the heat flow meter and that of 
the cavity temperature of the furnace was curved, and it was 
difficult to select the precise points to draw the tangents 
for determining the transfer function of the GHFM. These had 
to be approximated. The causes of this trend are uncertain 
(Quandt 1960, Green 1962), but may be attributed to the complex 
geometry, heat loss, non-linear characteristics of the tested 
system.
The initial estimate of the theoretical time constant was 
found to be less than that obtained graphically by an overall 
average value of 7.00%. However,practical methods may involve 
factors that are not realized by simplified lumped theoretical 
aproaches.
As the heat flow meter was revolved by angles of 120 degrees 
from its predefined zero angular position, it was found that 
under the same operating conditions the value of each of its 
receiving surface thermocouples' readings would alter in magni­
tude. This shows the fact that the unequality in the flow meter 
surface temperatures was caused by the difference in the indi­
vidual level of energy in the walls of the furnace. Figures 
2.12c+e are the results of a test under the same operating con­
ditions, but different orientation of the meter about its axial 
position. However, Fig. 2,12b shows that even for operating 
conditions which were approximately steady-state, the difference 
in the individual thermocouple readings of the receiving surface 
of the meter remained (see Figs. 2.5, 2,6 for steady-state).
The increase in the difference in the thermocouple readings 
of the receiving surface of the meter was more pronounced for
lower cooling water flow rates (Figs. 2.12a and 2.12e for com­
parison) . This fact shows that the cooling water flow rate 
is a controlling factor to be adopted as a damping means when­
ever needed.
Although the loss of one or more of the thermocouples of 
the receiving surface can alter the magnitude of the average 
mid-shell temperature signal (SIGN 8), it was noticed that 
there was an increase in this signal with five thermocouples 
as being averaged in comparison to the same for six thermo­
couples, In such an event the use of the meter for pure con­
trol duties employing a peak seeking technique system 
(Nightingale 1959, Maybach 1963, Smith 1971) will not be affected. 
However, the accuracy of the measurement of heat flows in a com­
bustion chamber, if required, would be in error, such that higher 
values of energy flows would be given as compared with the true 
values of energies which are being measured. Loosing one ther­
mocouple, for example, would give a maximum error of approxima­
tely + 5% (Fig. 2.7 and Figs. 11.13+16 of Appendix II). The 
meter can be recalibrated by a similar procedure outlined in 
this work (in such an event of thermocouple failure).
The available energy in the calibrating furnace is not 
linear with the furnace temperature; however, it may be repre­
sented by the temperature of the furnace environment by a 
regression of Fig. 2,8a2. The energy absorbed by the cooling 
water is very close to the linear representation of the avai­
lable energy for transfer, but it is more responsive to the 
variation of the cooling water than to the environment which 
encloses the GHFM, This is believed to be. caused by the effect 
of the GHFM thermal mass. A thinner receiving surface wall
can no doubt improve the performance. The low rangeability 
and small magnitude of the differential temperature of the 
cooling water is another retarding factor of this signal 
(Figs. 2 .8d,eand Section 2,2.5).
It must be borne in mind that the test-runs of the initial 
investigations were aimed to provide a guidance to the system 
performance for various levels of thermal energy movement.
The time response has so far been of a gross value of the whole 
system including the effect of the calibrating furnace thermal 
mass for the applied input test signal.
Table 2.1 Connection Arrangement to DLS/Muffle Furnace 
(Test and Calibration of GHFM)
Ch. No. Service Unit
5 GHFM, cooling water flow rate kg/s
18 Refractory inner skin temp.(left surface) K
21 GHFM, sensor average temperature K
22 GHFM, sensor average VDC generated signal VDC
23 GHFM, cooling water outlet temperature K
24 Casing outer surface skin temp, (top) K
25 Casing outer surface skin temp, (bottom) K
26 Casing outer surface skin temp, (left) K
27 GHFM, cooling water inlet temperature K
28 Surrounding ambient temperature K
29 Casing average outer skin temp.(right surf.) K
30 Casing average outer skin temp.(back surf.) K
31 Casing average outer skin temp.(front surf.) K
33 Refractory inner skin temperature(bottom) K
35 Refractory inner skin temperature (right) K
36 Refractory inner skin temperature (rear) K
37 Refractory inner skin temperature (front) K
38 Refractory inner skin temperature (top) K
40 Cavity average temperature K
Table 2.2 Selected Monitoring Signals for Investigation 
(steady-state)
T3
0
CO4->
Available energy (J/S) for transfer and cavity temp, 
of MF for different energy levels
■M
rt t/)
toO r-1
•H
pjZD 1 0 % 2 0 % 30% 40% . 50% 60% 70% 80% 90% 1 0 0 %
4-> a 
</> bo 
0 »H J/S 311.13 418.63 520.59 671.55 730.35 887.19 1005.27 1141.70 1306.73 1442.94
> CO 
Sl—l 6C 387.76 445.71 485.79 540.40 599.48 619.15 651.04 681.27 728.45 750.26
SIGN 1 °cmV
16.91
.6712
23.20
.9247
25.05
.9997
43.21
1.7429
44.05
1.7776
56.57
2.2957
49.93
2.0207
68.72
2.7998
75.34
3.0746
84.09
3.4376
SIGN 2 °C
mV
24.94
.9951
29.78
1.1921
31.51
1.2624
49.66
2.0093
49.75
2.0130
61.63
2.5055
52.92
2.1444
71.00
2.8943
78.19
3.1931
84.91
SIGN 3 °CmV
2 . 1 1
.0861
2.96
.1192
3.91
.1564
5.OS 
.2019
5.07
.2015
7.25
.2875
7.30
.2891
9.40
.3720
9.50
.3761
12.52
3.4716
SIGN 4 °CmV
1.45
.0605
2 . 2 2
.0905
2.90
.1168
3.58
.1433
3.57
.1431
4.78
.1903
4.80
.1913
6.07
.2411
6.14
.2436
7.38
.4961
SIGN 5 °CmV
10.15
.4017
9.54
.3778
10.37
.4104
11.53
.4565
10.76
.4262
12.31
.4877
10.28
.4072
11.67
.4623
12.35
.4894
13.34
.2924
SIGN 6 °CmV
4.55
.1812
6.64
.2631
7.83
.3104
1 0 . 2 1
.4043
10.93
.4329
14.62
.5654
14.59
.5770
18.49
.7347
18.53
.7461
21.73
.5288
SIGN 7 J/S 26331 385.40 455.72 599.90 642.44 843.73 857.27 1099.40 1105.04 1301.22
SIGN 8 °CmV
27.05
1X)809
32.74
1.3130
35.42
1.4226
54.74
2.2196
54.82
2.2228
68.89
2.8067
60.22
2.4468
80.40
3.2843
87.70
3.5869
97.43
.8650
SIGN 9 °CmV
18.60
.7391
21.14
.8416
22.89
.9122
33.13
1.3298
32.79
1.3149
40.60
1.6353
35.25
1.4157
46.03
1.8594
50.02
2.0244
55.39
3.9895
SIGN 1
SIGN 2
SIGN 3
SIGN 4
SIGN 5
SIGN 6
SIGN 7
SIGN 8
SIGN 9
= Average mid temp, of spherical shell - aver. temp. C/W
= Average mid temp, of sph. shell - diff. temp, of cooling 
water as indicated
= Uncorrected diff. temp, of cooling water
= Corrected diff. temp, of cooling water
= Average temperature of cooling water
= Diff. temp, across spherical shell, averaged
= Energy absorbed by cooling water (corrected) J/S
= Average mid. temp, of spherical shell
= 1/2(Average mid. temp, of spherical shell, plus 
average temperature of cooling water.)*
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CHAPTER 3
DESCRIPTION OF APPARATUS
3.1 The Gas-Fired Furnace
The gas-fired furnace was built by FERGUS in co-operation 
with G.P. Wincott of Sheffield to investigate the performance 
of a Hotwork recuperative burner (Hotwork Dev. Ltd. 1977, Anon. 
1979). The other requirement was to investigate the reliability 
and accuracy of an air to fuel ratio controller using a thermis­
tor anenometric device (Churchill 1979, Faulkes 1979). This 
was the original aim when installing the furnace; later it was 
used for demonstration purposes.
3.1.1 Furnace Design
It was based on the well-stirred speckled-wall combustion 
chamber model of Hottel (Hottel 1961, 1967). The design equa­
tion is;
o (3.1)
where
t (3.2)
refractory loss 
factor a(GS)R T*p
C3.3)
Q'
D
QCTAp - T J  
^F TAF
H,
(3.6)
(3.7)
a CGS1) R Taf (Taf - T J
d = 4/3 , (for 0.02 < D' < 1.0)
Initial sizing was based on typical values of Q* and D f 
of 0.3 and 0.4 respectively, as taken from a boiler tube still 
range, (the unit contained water cooled surfaces and heat 
loads).
The combustion requirements and output of a 440 kw-hr 
recuperative burner were calculated originally from data in 
Table 3.1.
Table 3.1 Derived Data for Gas Furnace
Thermal load Hc = 440 kw-hr
Calorific value of gas = 37.89 MJ/m3
Air requirement of gas = 9.5 m 3/m3
Total gas flow at 5% excess air = 605 kg/hr
Adiabatic flame temperature T^p = 2066 °C
(GS^)R - (0.985) sq. m. as was calculated by Equation (3.7).
A™
1;R 
( GS1 ) R
1 1
(3.8)
-  1
:g Ls E1
Assuming and to be 0.3 and 0.52 respectively, then Ap,
the total surface area of the combustion chamber is
A^ , = 4 .1 8m2 .
r^z?cVj~^ -.£~d.
Thus, the theoretical combustion chamber was constructed to be 
of; diameter =0.762 m. , length = 1.524 m.
Figure 2.1 shows the structure and dimensions of the combustion 
chamber as based on the foregoing design equations.
The whole unit was constructed in mild steel and was lined 
with a hot-face H.T.I. refractory, with a Selfrac 23 insulating 
brick backing. Six 38 mm diameter holes were drilled in the 
roof for the insertion of sampling probes. Provision for a 
conventional flue offtake, 381 mm diameter, was made. Four 76 mm 
diameter holes were drilled in the side of the furnace for the 
insertion of heat loads. In the opposite side, four 76 mm x 229 
mm brass, water cooled targets were embedded in the refractory 
for cold target and fixed load to the furnace. The end section 
of the chamber was designed to accept the Hotwork self-recupe­
rative burner and quarl. Figure 3.2 shows the operating prin­
ciple of the burner. The burner and quarl were mounted onto a 
separate, moveable platform which can be rolled away for easy 
furnace access.
3.2 Modification of Existing System
3.2.1 Gas-Feed System
Natural gas, at 2 8 mbars, was supplied to the burner via 
a steel pipe, 1|/2 inches B.S.P., and a gas governor. The 
pilot was supplied via a steel pipe \/\ inch B.S.P. Main gas 
flow rate was measured by a rotameter and a positive displace­
ment volumetric gas flow meter (Wiley; for town gas). A pres­
sure switch was used as gas flow proving device for lighting 
up and safety. Flowrate was controlled by a butterfly motor­
ized valve operated manually via a switch. This valve was 
mechanically interlinked to a butterfly valve so as to maintain 
a ratio of the eduction air flow to that of the fuel. The 
eductor air was supplied by a forced draught fan (1 HP).
The need to induce flue-gas suction by the eductor air 
stream was found to be unnecessary by previous workers (Jenkins 
1980, 1981) on this furnace.. This was due to the suction effect 
as provided naturally by the flue-gas network of the laboratory. 
The eduction system was dismantled totally.
The gas line was reconstructed to provide a straight pipe 
run which was adequate for mounting an orifice plate carrier 
(BS1042 1964, API 1965,AGA 1969, Spink 1967). The orifice plate 
was cut from a brass sheet and was bored for 75 percent of the 
capability of the burner. The bore size was 17.805 mm in dia­
meter with diameter ratio of bore to pipe of 3 = 0.339 (BS1042 
1964, Spink 1967, Stolz 1978, Int. Std. 1978 and 1980, Miller
1979). The rotameter was disconnected. The butterfly valve of 
the gas was fixed in the open position. The gas flow rate was 
controlled via a hand-operated slide valve of equal percent 
characteristics. This valve was fabricated in the Workshop of 
the Department of Chemical Engineering. Provisions were made 
on the gas line downstream of the orifice assembly for the 
installations of the gas pressure and inlet temperature; also 
for pressure measurement very close to the burner (Fig. 3.1).
3.2.2 Combustion Air System
Combustion air was supplied by a 10HP Sturtevant centri­
fugal fan which replaced the originally installed 3 HP fan.
A pressure switch was mounted on the air line for lighting-up
and safety. The air flow rate was measured by means of an 
orifice plate assembly, with a brass orifice plate (bore =
49.29 mm, 3 = 0.485). This assembly has replaced the original 
system of a manometer across an orifice (bore = 71.12 mm).
The butterfly valve on the air line was fixed in the open 
position and the air flow rate was controlled by means of a 
100 mm diameter hand-operated slide, equal percent character­
istics control valve, which was designed and fabricated in the1 
Workshop of this Department. Provisions were made for the 
installation of thermocouple and pressure transducer downstream 
of the orifice plate assembly; also for pressure measurement 
at a position on the air line very close to the burner (Fig.3.1). 
The air line was of plastic, 100 mm in diameter.
3.2.3 Flue-Gas System
The flue-gases were piped to the laboratory's flue-gas 
network via a 150 mm diameter pipe. The pipe was constructed 
in the Workshop of the Department from thin-rolled steel plates. 
An orifice plate carrier was mounted on the pipe. The orifice 
plate was constructed from a stainless steel (type 304) sheet 
(BS1042 1964, Int. Std. 1978 and 1980, Frankel 1981a,b) (bore 
diameter = 92 .67 mm, 3 = 0.61). The bore calciilcation was 
based on 5 percent excess air (Frankel 1981a, b). The back 
pressure of the flue was controlled by means of a hand-operated 
damper which was mounted at a section of the pipe close to its 
exhaust end (to the flue network).
To obtain a homogenous mixture of flue-gas before being 
metered, a chamber for mixing and as a straightening vane 
was designed and mounted on the pipe intake end. The flue
gases from the furnace flue-stack were conveyed to the inlet 
of the chamber via a metallic flexible tube, 200 mm diameter. 
Provision was made for the installation of a thermocouple and 
a pressure transducer at a section on the pipe downstream of 
the orifice assembly.
3.2.4 Compressed Air System
Compressed air pipework was constructed to provide a means 
of cooling the main gas burner via its sleeve, the ultra­
violet flame detector, and to form an air blanket between the 
twin beam pyrometer lens and flame. It was also used for pre­
mixing the pilot-feed of the furnace.
This manifold was constructed from tubes, 6 mm in diameter, 
with the necessary valves. Air was supplied from the utility 
air of the laboratory which was at a pressure of 8 bar approxi­
mately.
3.2.5 Instrument Air Supply System
The quality of the available utility air was inadequate 
for use to supply the pneumatic instruments. Hence three 
parallel units were constructed. Two of the units consisted 
of a filter, filter regulator, silica gel drying unit and a 
distribution manifold which was mounted vertically. The 
silica gel drying unit and the distribution manifold were 
constructed from a copper tube, 18 mm in diameter, while the 
network was constructed from copper tubes, 6 mm in diameter, 
with the necessary fittings.
The third unit was constructed similarly, but with no
distribution manifold. It was used for calibration purposes. 
Other units are described in Appendix IV.
3.2.6 Cooling Water System
The cooling water to the furnace and its related devices* 
were supplied via a galvanized piping network, 2 inches in dia 
meter, which drew its supply from the closed loop network of 
the laboratory treated cooling water. The cooling water tem­
perature was controlled by means of a forced draught cooling 
tower (440 kw-hr).
The total feed of cooling water to the furnace was dis­
tributed to the main load system of the furnace (see Figs. 3.6 
and 3.7), also for cooling some units of the rig such as the 
twin beam pyrometer (Fig. 3.5), the flue gas cooler (Fig. 3.4) 
the suction pyrometer, and the brass targets. Hand-operated 
valves were used to control the flow rates.
The total flow rate was metered by means of a turbine 
device which was installed in the inlet section of the cooling 
water pipe. A rotameter which was installed in the outlet 
pipe was used to serve for indication of the water flow rate 
distribution to main load and others.
Thermocouples were installed in the inlet and outlet 
of the common water pipe. The outlet water temperature of 
each of the targets could be measured by means of the thermo­
couples which were installed for this purpose. The water flow 
rate via each target was estimated by means of a combination 
of an orifice plate and a U-tube.
The main water load was designed and constructed (Fig.
3.3) and it consisted of five mild steel U-tubes, 25 mm in 
diameter. The system was supported by means of a gantry 
which could be used to adjust the insertion length of the 
tubes inside the furnace. The provisional manhole for the 
conventional flue gas offtake (Fig. 2.1 and Section 3.1) 
was utilized for mounting the main load system.
3.2.7 Cooling Water for the Gross Heat Flow Meter
Raw water from the laboratory main raw water system was 
used for cooling the heat flow meter. The cooling water sys 
tem was constructed from galvanized pipes and high pressure 
hoses, 12 mm in diameter, with the necessary fittings. A 
booster pump was connected in the system to induce higher 
flow rates and pressure, whenever needed for the operation. 
The outlet pipe was connected to the main return of the 
cooling water of the furnace.
A temperature control system consisting of a gas-filled 
pneumatic transducer (Foxboro type 12A), a P.I.D. pneumatic 
controller and a control valve with a valve positioner was 
mounted on this system to provide the possibility of control 
ling the temperature difference of the cooling water of the 
meter. The oversized valve, the only size available, made 
the control impracticable. This outcome was expected at the 
stage of preparation of items for the construction.
The water flow rate was metered by means of a turbine 
device, while an additional rotameter was also connected to 
provide further means of flow rate measurement.
Provision was made in the inlet and outlet pipe sections 
for mounting thermocouples. The inlet water pressure could be 
measured by means of a Bourdon tube gauge (Fig. 2.3).
3.2.8 Flue Gas Sampling System
The sample extraction probe was designed like a horse-shoe, 
which can traverse a representative sample of the flue gas, at 
a region of the flue gas stack, which was very close to the 
furnace. The probe was constructed from stainless steel, 10 mm 
in diameter, and was perforated in spiral patterns around it;
16 holes in all, each of 1 mm diameter.
The sample was extracted by means of a compressor.
Before reaching the compressor, the sample passed to the probe 
via the holes and was cooled to the desired temperature by 
means of a-water cooled cooler. The water flow rate was utilized 
to control the temperature of the flue gas sample. The two 
wool-filled catch pots were designed to trap moisture and 
particles from the sample. The sample was then washed before 
passing through the silica gel -wool combination. The com­
pressor then delivered the sample via a common manifold to the 
analysers. The flow rates through analysers were controlled 
and measured by means of rotameter-needle valve combination 
units. On the compressor discharge, an oxygen analytical cell 
was connected and its performance was compared against the 
reliable oxygen analyser (type Servomex Controls Ltd., type 
DLC 101 MK IX), Carbon monoxide and carbon dioxide concentra-
n icusu''Ca­
tions were analysed by means of infra-red based analysers
(Analytical Development Co. Ltd. 1980 and 1982).
The exhausted sample was injected back into the flue gas 
system. The flue gas back pressure was controlled by a self­
regulated governor which helped to eliminate the effect of 
the combustion fluctuation on the desired flow rates through 
each analyser (Fatlawi 1980).
The system was interconnected by means of copper tubes,
10 mm in diameter). Rubber tubes were avoided in .the system 
(Fatlawi 1980).
Analysers were mounted on a trolley for ease of manoeuver
ing.
Fig. 3.4 shows details of the sampling system flow dia­
gram and components.
3.2.9 General Remarks
By this stage, the natural gas-fired furnace was instru­
mented fully. Figure 3.6 shows the general view of the instru­
mented furnace. Detailed views are shown in Figs. 3.7 to 3.10 
However, the work was completed by using instruments either 
loaned or modified to suit the application. Some had to be 
built (Appendix IV). The system was ready for the next stage 
of testing, calibration and tuning (Chapter 4).
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Fig. 3.7 View showing the main load of the gas furnace
Fig. 3.8 View showing the flue gas analysis rig/gas-furnace
Fig. 3.9 View showing the feed lines and controls to the 
recuperative burner/gas-furnace
Fig. 3.10 View of control console and data logging system/ 
gas-furnace
CHAPTER 4 
MEASUREMENT TECHNIQUES
4.1 Recording of Measurements and their Processing
At this stage, a Solartron, Orion 3530, Data Logging System 
(DLS) was made available (Solartron Elect. 1981). All essen­
tial variables were recorded using the DLS. The electronic 
recording instruments (shown in a box in Fig. 2.3) were aban­
doned, as all were replaced by the DLS. By using the DLS it 
was possible to tape-record or chart-record the variables.
Data reduction facilities of the DLS were utilized for 
processing the variables. The data reduction included;
Y = m x + c    (4.1)
Y = a x 3 + b x 2 + c x + d    (4.2)
Y = a x"1    (4.3)
Y = a + b V(c x + d) ..................  (4.4)
where
Y = DLS output
x = input to DLS
a, b, c, d, m = constants
If x is the mean value of avariable x;the standard deviation for
a set of inputs of n readings was processed such that;
s . dfev. = /n ] 1 | (x - X )  ................... (4.5)
Only 40 analogue input terminal channels (expandable to 200)
were purchased with the DLS. Input signals were essentially 
voltages.
Transducers with output signals of 4 mA to 20 mA and those 
with 10 mA to 50 mA had to be shunted by linear shunt resistan­
ces of 100 ohms and 150 ohms respectively to obtain the signal 
conversion to voltage, before any connection was made to the 
appropriate channel of the DLS.
Compensation for ambient and other references for tem­
perature measurements was available in the DLS software, for 
the well known thermocouple types. The desired reference tem­
perature could- be selected (other details in Solartron Elect. 
1981).
4.2 Primary Devices
Flow rates of combustion air, natural gas and flue gas 
were monitored via the differential pressures which were 
created across orifices. The orifice material was selected, 
and a flange-tap orifice carrier was designed and installed 
in the appropriate section of the pipe. Sizing the orifice 
plates was based on BS1042 1964, AGA 1969 and Spink 1967, 
and the results compared favourably with the recent approaches 
to size an orifice (Stolz 1978, Miller 1979, Int. Std. 1978,
1980). The procedure for flue gas calculation by Frankel 
(1981a, b) was adopted for the flue gas orifice sizing para­
meters.
Cooling water flow rates were monitored via turbine meters 
(Lee-Dickens Ltd. 1978).
Temperature measurements were taken by thermocouples of 
type K; type R were used for the refractory temperature measu­
rements as well as in the suction pyrometer. Stainless steel
sheathed type K thermocouples were installed (ARi Industries
1981). Those, also type K, used for measurement of outer 
skin temperatures of the furnace shell were not sheathed.
The type R thermocouple was bare but housed in a ceramic 
thermowell.
All primary devices were installed in accordance with 
the manufacturers' recommendations and the recommended prac­
tices (BS1042 1964, API 1965, Spink 1967, AGA 1969, Foxboro' 
1976, 1980, 1981, Anon, 1977, Int. Std. 1978, 1980, Lee- 
Dickens 1978, Land Pyro. 1980, ARi Ind. 1981, Analytical 
Development 1980, 1982).
Rose (1977) was consulted whenever further data were 
needed for the calculations.
4.3 Temperature Measurement
Bare thermocouples were attached to the outer surface 
of the combustion chamber for measurements of the outer skin 
temperatures. Other temperatures were measured by stainless 
steel sheathed thermocouples. These thermocouples were in­
stalled in the desired position by means of special pipe 
adaptors. The temperatures of the inside surface of the 
refractory of the furnace was measured by means of 4 bare 
thermocouples, each of which was inserted inside a ceramic 
sheath to its full depth. The ceramic sheaths were built 
in the refractory such that the enclosed thermocouple hot 
junction was in one plane with that of the refractory hot 
surface. The ceramic tubes were installed one for each water 
cooled target and were spanned equally along the target side 
of the furnace (Figs. 3.1, 3.5).
Nine thermocouple elements were attached to the outer 
surface of the cylindrical section of the furnace, and they 
were thus positioned to give an average skin temperature of 
the surface. These thermocouples were averaged electrically 
via one extension lead. The average skin temperature of the 
back-end surface of the furnace was measured by means of 3 
thermocouple elements attached to the surface. These elements 
were averaged electrically via a single pair of extension 
leads. The front-end temperature was similarly measured.
The cylindrical section of the recuperator outer average 
surface skin temperature was measured as the average of two 
thermocouple elements, which were attached at opposite sides 
of the cylinder. They were averaged electrically.
All thermocouples were of type K (Ni Cr./Ni Al) , -except 
those which were used for the measurement of the refractory 
hot face temperatures and flame temperature; these were types 
R (Pt/13% Pt.Rh.).
Some type K thermocouples were relayed by compensating 
leads to a panel mounted Comark 20 Channel, 1694R, selector 
unit and displayed on a Comark (type 3501), panel mounted, 
digital temperature indicator (Table 4.1).
Type R thermocouples were relayed via a compensating lead 
to a panel mounted Comark digital temperature indicator (10 
channels, type 5665) (Table 4.2).
Temperatures, which were to be monitored and recorded 
continuously, were connected to the DLS and some thermocouples 
were connected to DLS and to the temperature indicators (Table
4.3).
Temperatures, which were related to the gross heat flow 
meter, were connected direct to the DLS. The receiving sur­
face temperatures were averaged electrically and the average 
temperature was conveyed to the DLS via a compensating lead 
(Fig. 2.3).
4.3.1 Flame Temperature Measurement
Attempts were made to measure the flame temperature at 
various fuel to air ratios. Available were two Land suction 
pyrometers that could be inserted inside the furnace via its 
side holes (Fig. 2.1). One pyrometer was so long that it 
could cause a restriction to the movement of the laboratory 
users, and hence was ignored, while the other one was so 
short that it could only be projected by 70 mm inside the 
combustion chamber. The latter was used, which utilized type 
R thermocouple element, and the measurement of temperature was 
displayed on the Comark 5665 temperature indicator (Table 4.2).
The pyrometer was flange-mounted on the side hole of 
the furnace and was connected to a high suction fan. The 
pyrometer was shifted from one hole to another in order to 
obtain the highest temperature of the gaseous mixture inside 
the furnace, aiming to place it as near as possible to the 
flame front as seen through the pyrex windows of the furnace.
The results were disappointing and this measurement was 
abandoned (Section 4.10). However, a theoretical estimation
of the flame temperature for various operating conditions was 
prepared (see FLAME.FTN of Appendix III).
4.4 Measurement of Flame Emissivity
To obtain emissivity of the flame at various fuel to air 
ratios for calibration purposes, the modified Schmidt method 
(Land Pyrometers Ltd. 1980) was followed, such that a twin 
beam Land pyrometer, which was designed originally for the 
FERGUS group, was mounted on one of the furnace side holes, 
and so positioned to focus on the water cooled target and 
the type R thermocouple which was embedded in the refractory. 
Hence the hot and cold targets were established.
The pyrometer was water cooled and a blanket of compresse 
air was injected between the pyrometer and the flame in order 
to help in cooling the pyrometer receiving surface, as well 
as to reduce the contamination of the lens of the pyrometer 
which can be caused by combustion process by-products, such 
as soot. This attempt was not successful as the lens was 
cracked due to previous use. This fault was suspected when 
the calculated emissivity and flame temperature produced un­
realistic values (very high).
The arrangement of the installation and connection for 
the measurement are shown in Figs. 3.5 and 3.6.
4.5 Measurement of Flow Rates
4.5.1 Natural Gas and Flue Gas
It was decided to convert the positive displacement 
(Wiley) meter on the natural gas line to generate a represen­
tative signal for the flow rate utilizing optical tubes and 
electronic circuit. The noise interference hampered that
attempt. Hence an alternative method of measurement was 
designed based on an orifice plate (Section 3.2.1).
Although a gas flow rate measurement by orifice plate 
based system is not an attractive technique, due to the 
variation in gas density, it was dictated by the only availa­
ble differential pressure transducer, donated by Foxboro' \ 
Yoxall Ltd.
Pneumatic differential pressure transducer (type15A1) 
was installed across the orifice assembly of the natural gas 
line. The pneumatic output was converted to current signal,
4-20 mA, by means of a Foxboro' Yoxall convertor, 66 FR-2.
The flow rate of flue gas was monitored by a similar system 
to that of the natural gas. The conversions 4.4 and 4.5 
(Section 4.1) were utilized for linearisation and processing 
of the flow rates.
4.5.2 Combustion Air
A Foxboro' Yoxall electronic differential pressure trans­
mitter, type E13DM, was mounted across the orifice assembly.
The output signal was linearised, and processed by conversions
4.4 and 4.5, respectively (Section 4.1).
4.5.3 Cooling Water Flow Rates
The generated frequency from each turbine flow meter 
(Section 4.2) was converted to current signal, 4-20 mA, by 
means of a Lee-Dickens convertor. The signal was linear and 
was conditioned by conversions 4.1 and 4.5 respectively (Sec­
tion 4.1).
As mentioned already, turbine meters were installed to 
monitor the total cooling water to furnace, the main cooling 
water load to furnace and the cooling water to the gross heat 
flow meter (GHFM). The rotameters which were installed in 
the total cooling water line and the heat flow meter line, 
were used to serve as a readily observed means for any flow 
rate variations.
4.6 Pressure Measurement
Foxboro1 Yoxall electronic differential pressure trans­
mitters, type E13DM, were installed on the natural gas, com­
bustion air and flue gas. The.high pressure connection of 
the transmitter was connected to the low pressure part of 
the orifice assembly, while the low pressure connection was 
vented to atmosphere.
The combustion chamber pressure was monitored by means 
of a Furness micromanometer, type FC001; These pressure 
readings were conditioned by conversions 4.1 and 4.5 (Section 
4.1).
Additionally, a Furness micromanometer, type FC009, was 
used to measure the pressures of the natural gas and combustion 
air at points very close to the burner. These readings were 
not fed to the DLS for recording.
4.7 Flue Gas Analysis
Two in-line calibration cylinders were installed, one 
containing an approximately pure nitrogen, and the other con­
taining a mixture of 349 ppm carbon monoxide and 14.9% Carbon
dioxide. These formed an integral part of the flue gas network 
system (Figs. 3.4 and 3.8).
Measurements of the constituents of the flue gas were 
obtained in percentage volumetric values. These percentages 
were recorded in the DLS by utilizing conversions 4.1 and 4.5 
of Section 4.1.
Carbon monoxide concentration in the flue gas was obtained 
continuously for various fuel to air ratios by means of an 
infra-red analyser (Analytical Development Ltd. 1982-,- type 373).
Carbon dioxide concentration was measured by an infra-red 
analyser (Analytical Development Ltd. 1980, detector type JFJ 
H448).
Oxygen concentration was measured by means of a para­
magnetic type oxygen analyser. This instrument was of a 
Servomex Control Ltd. type DLC 101 MKII, which was, unlike 
the carbon monoxide and carbon dioxide analysers, unable to 
generate a signal for recording in the DLS. Hence it was 
connected, with an oxygen analyser cell, from which a signal 
was amplified and calibrated against the reading of the 
paramagnetic analyser, before it was recorded by the DLS 
(Fig. 3.4).
No analyser for water vapour was available and hence no
direct measurements of the water vapour concentration were taken. 
The calibrating gas cylinders were of great help in maintaining 
the accuracy of measurements. They were used frequently to 
recalibrate the analysers whenever values of concentrations 
were suspected and also between tests.
4.8 Calibration of Instruments
The manometric calibration rig (Appendix IV) was checked 
for accuracy such that its lower range was found to calibrate 
accurately against a standard scale-inclined manometer, while 
its total range was found to calibrate within 0.1 percent of 
full scale, against an accurately calibrated Furness (type FC009) 
micromanometer).
All differential pressure transducers for the flow rate 
measurements were calibrated off-line initially, and on-line 
before a test began and to the end of each test. The test 
was repeated whenever an average error of 3 percent or more 
was found. The range of calibration of each of the flow 
transducers was taken as equal to water head which was used 
to calculate the relevant bore of the orifice.
Differential transducers which were used to monitor 
pressures, downstream of the orifice plates, were each cali­
brated to the range of water column which was equivalent to 
the maximum operating pressure of the measured variable.
Turbine flow meters and rotameters were calibrated by 
weighing the amount of water collected over a period of time 
for various flow rates (Appendix I).
All thermocouple elements were suspended in air and a 
mercury type thermometer was attached to each one of them 
individually. The reading of the thermocouples, as displayed 
on the Comark units and/or the DLS, was compared against the 
reading obtained by the mercury type thermometer. The same 
procedure was repeated (stainless steel sheathed thermocouples
only) by immersing the bundled thermocouple and thermometer 
in water at a temperature of about 90°C. Whenever there 
was an error greater than 1°C between the thermocouple 
readings (as displayed) and that of the thermometer, the 
thermocouple was replaced by another one. This procedure 
was followed whenever a modification in the thermocouple 
network was made.
The thermocouples of the gross heat flow meter (GHFM) 
were checked similarly, but altogether.
The output signal of each loop of the instrument was 
checked by a digital multi-range meter and a Cambridge 
potentiometer and input-output relationship of the calibration 
was thus adjusted.
Calibration charts are shown in Appendix I.
Cut-off pressure switches on combustion air and natural 
gas were adjusted according to the safety requirement of 
furnace operation. A newly designed and constructed mercury 
type pressure switch was installed on the combustion chamber, 
and was interconnected in the safety circuit of the furnace. 
This switch was set to trip the system if the combustion 
chamber pressure exceeded 7.5 mbar.
The positive displacement flow meter on the natural 
gas (Wiley) was designed to measure volumetric flow rates of 
town-gas. Both natural gas and combustion air flow rates as 
measured by the orifice based system were calibrated against 
the flow rates, as registered by the Wiley flow meter. The 
registered flow rates were density corrected to obtain the
actual flow rates of natural gas and combustion air (Appendix
I).
4,9 Test Procedure
--------------   njcuo '
Initially the twin beam pyrometer^ the gross heat flow 
meter and the Land suction pyrometer were inserted in the 
furnace and fixed in their positions (Fig. 3.6).
The sequence of operation for any test was as follows:
1. Instrument air and electric power supply were turned on to 
all instruments. Analysers were allowed 30 to 45 minutes 
to stabilize. A period of 10 to 15 minutes was adequate 
for other instruments. Instruments were checked for any 
zero shift and hence adjusted. Calibration gas cylinders 
were turned on and the recommended gas flow rate was adjus­
ted (as shown by the appropriate rotameter). The gas was 
allowed to flow through the appropriate analyser(s) until 
the analyser was stable and hence the zero and span of the 
analyser were set.
2. While the system was in its cold static state, the DLS was 
initiated to obtain a print-out of the variablesT mean 
values and standard deviations for a period of 5 minutes at 
a scan-rate of 40 per second. The output print-out was 
then checked and any malfunction was corrected. This was 
repeated until a satisfactory print-out of variables was 
obtained.
3. Utility cooling air to the system (flame detector, twin 
beam pyrometer, burner), cooling water streams, slide valve 
on combustion air line, flue gas damper were fully opened.
The circulating water pump, cooling tower fan, the forced 
draught combustion air fan were started. Flow rates of 
cooling water streams were adjusted to desired values. The 
analyser calibration gas cylinders were shut off and the 
flue gas analyser system was set to receive flue gas sample 
whenever the flue gas suction compressor was initiated.
The cock valves on the natural gas main and pilot lines 
were opened. Both slide valves on the natural gas and 
combustion air were adjusted to an opening which was found 
by experimentation to produce a successful ignition, and 
hence a start-up of the furnace. The programmed start-up 
sequence controller was initiated and the sequence was as 
detailed in Appendix IV.
Flow rate of combustion air was adjusted for the desired 
value for a given test and was maintained. Flow rates of 
the natural gas were varied from a value which produced a 
lean mixture of combustion products (of about 7 percent 
oxygen level) and was increased in steps until a rich com­
bustion product was reached (to about zero percent oxygen 
level). The increments in the flow rates of natural gas 
were of the order of 0.25 x 10"3 cubic meter per second, 
which were found to define the behaviour of the combustion 
process for this particular application satisfactorily.
For each step of fuel to air ratio, the system was allowed 
to reach as close as applicable to its steady-state condi­
tions. The steady-state conditions for a given fuel to air 
ratio were assumed when the difference in temperature between 
the highest and lowest temperature readings of the hot sur­
face of the refractory, as measured by the type R thermo­
couples, was in the range of 35 to 75°C. This difference 
depended largely on flow rates of air, gas, cooling water 
load and the combustion chamber pressure. The higher these 
values, the longer the furnace took to approach steady-state 
conditions. In general, the system took 3 to 4 hours from 
cold to reach near steady-state conditions and about 40 to 
75 minutes between the successive steps of fuel to air ratios. 
During the period of a test, the damper was adjusted con­
tinuously in order to maintain a combustion chamber pressure 
of about 2 mbars (variation ranged from 1 to 5 mbars).
The extraction of flue gas sample was initiated when a stea­
dy-state was realized. The flow rate to each analyser was 
adjusted as recommended by the manufacturers. It was found 
that a period of 10 to 15 minutes was adequate for the ana­
lysers- to reach stability. The DLS was initiated to obtain 
the mean values and standard deviations of the variables 
for 10 minutes at the rate of 40 per second. One set of 
variables for each fuel to air ratio was tape-recorded for 
computer filing and a chart print-out was also obtainable . 
for immediate checking of the measurements. The pressures 
of natural gas and combustion air were noted at positions 
very close to the burner. Toward the end of each DLS run, 
the Land suction pyrometer was started for about 10 to 15 
minutes, the flame temperature was noted, and hence compared 
with that as obtained by calculation of the parameters, as 
measured by the twin beam Land pyrometer. Table 4.3 shows 
the measured variables which were connected to the DLS. 
Originally, Channels 16 and 18 were used to monitor the hot
and cold targets (VDC signals) as generated by the twin 
beam pyrometer. A test of 15 sets of variables lasted for 
an average period of 14 to 17 hours continuously.
6. For other tests, the flow rates of combustion air were 
increased in steps, each increment in flow rate was 5 x 10"3 
cubic meter per second. For each step, the previous proce­
dure was repeated.
7. Before commencing the tests, trial runs were carried out 
which were aimed to define the side hole on the furnace side 
which was most suited for mounting the gross heat flow meter 
or the twin beam pyrometer or the Land suction pyrometer. 
Priority in the choice was given to the gross heat flow 
meter where the highest temperature change in the combust­
ion gases (the third hole relative to the burner rside) : "was 
selected'. The two Land pyrometers were changed over in the 
remaining three holes on the side of the furnace; this ma-
noeuvering depended on the size of flame. This was needed to 
define a permanent position for the final test runs.
4.10 Criticism of Initial Test Measurements
After trial runs which lasted for over 100 hours, and 
covered various fuel to air ratios and feed flow rates to the 
recuperative burner, it became evident that there were some 
errors in all measurements of emissivities of the flame and 
the furnace’s gaseous mixture temperature. The emissivity 
was higher, about 0.97, compared with the expected range of 
emissivity of natural gas flame, 0.2 to 0.7. The error in 
the measurement of the furnace’s gaseous temperature was lower 
than expected. The reduction in the gaseous mixture tempera­
ture was believed to have been caused by the inadequate 
insertion length of the suction pyrometer within the fur­
nace, in addition to the amount of cooling caused by the 
boundary effects of furnace walls and the influence of 
incoming combustion air and the low degree of mixing. The 
chip in the lens of the twin beam pyrometer was the major 
cause of error in the measurement of emissivities.
Both errors did not follow any pattern, which made it 
difficult to utilize the measured values of emissivities 
or temperatures of the gaseous mixture.
Both of the above techniques were abandoned and other 
approaches were implemented to estimate these two variables 
(see Chapters 5 and 6 and Channel 14 of Table 4.3).
Table 4.1 Thermocouple Arrangement 1 /'Gas-Furnace
Thermocouple
type Service/Position
Terminal 
Tag No.
Ni Cr/Ni A1 Inlet water to main load of furnace 
(targets excluded)
1*
Outlet water from main load of furnace 
(targets excluded)
2*
11 it Inlet water to header of furnaces1 
targets
3*
Outlet water, common header for targets, 
heat flux probe, flue gas sample cooler 
and pyrometer cooling water
4
it it Outlet water, back wall end-side wall 
target
5
it ii Outlet water, back wall middle-side 
wall target
6
ii it Outlet water, burner wall middle-side 
wall target
7
it it Outlet water, burner wall end-side 
wall target
8
M 11 Inlet raw cooling water to heat flux 
probe
9
11 11 Outlet raw cooling water from heat 
flux probe
10
11 11 Flue gas ex-recuperator 11
11 11 Combustion air after pre-heat 12*
II 11 Combustion air downstream orifice (inlet) 13*
11 II Natural gas downstream orifice (inlet) 14*
11 11 Flue gas downstream orifice 15*
Inlet water to cooler of flue gas sample 16
" 11 Outlet water from cooler of flue gas sample 17
11 11 Flue gas sample after cooler 18
Outlet water from pyrometer 19
11 11 Outlet water from furnace and related 
parts - final water header
20*
* connected to DLS
Table 4.2 Thermocouple Arrangement 2 / Gas-Furnace
Thermocouple
type Service/Position
Terminal 
Tag No.
Pt/13t Pt Rh Furnace side wall, back wall end 1*
ft It Furnace side wall, back wall middle 2*
It If Furnace side wall, burner wall middle 3*
ft ft Furnace side wall, burner wall end 4*
tt tt Suction pyrometer connection 5
* connected to DLS
Table 4.5 Connection Arrangement to 'DLS1 /Gas-Furnace
Ch. No. Service Unit
1 Flow rate of natural gas m 3/sec
2 GHFM cooling water inlet temp, (pipe mounted t/c) °K
3 Flowrate of flue gas m 3/sec
4 Cooling water flow rate, total to furnace kg/sec
5 GHFM cooling water flow rate kg/sec
6 Cooling water flow rate, furnace main load kg/sec
7 Natural gas pressure downstream orifice bar
8 Combustion air pressure downstream orifice - bar
9 Flue gas pressure downstream orifice bar
10 Faulty channel
11 Combustion air inlet temperature °K
12 Combustion air inlet temperature after pre-heat °K
13 Flue gas temperature downstream orifice °K
14 Flue gas temperature ex-recuperator °K
15 GHFM cooling water outlet temp, (pipe mounted t/c). °K
16 Combustion air flow m 3/sec
17 Cooling water outlet temp, of furnace total load °K
18 Cooling water inlet temp, of furnace main load °K
19 Cooling water outlet temp, of furnace main load °K
20 Cooling water inlet temp, to furnace °K
21 GHFM sensor average temperature °K
22 GHFM sensor average voltage output VDC
23 GHFM cooling water outlet temperature °K
24 Cylindrical section of furnace, aver.outer skin teipp. °K
25 Furnace, front-end average outer skin temp. °K
Cont’d.
Table 4.3 contfd.
Ch. No. Service Unit
26 Furnace, back-end average outer skin temp. °K
27 GHFM cooling water inlet temperature °K
28 Surrounding, ambient temperature °K
29 Percent Oxygen in flue-gas %
30 Percent Carbon monoxide in flue gas %
31 Percent Carbon dioxide in flue gas %
32 Natural gas inlet temp, downstream orifice °K
33 Combustion chamber average pressure bar
34 Recuperative section average outer skin temperature °K
35 Refractory temp, pt 4 Table 4.2 °K
36 Refractory temp, pt 3 Table 4.2 °K
37 Refractory temp, pt 2 Table 4.2 °K
38 Refractory temp, pt 1 Table 4.2 °K
39 GHFM cooling water flow rate, generated voltage signal VDC
40 GHFM AT of cooling water °C
CHAPTER 5
BASIC THEORETICAL AND PRACTICAL APPROACHES
5.1 Introduction
To help in the formulation of the overall performance of 
the gross heat flow meter (probe)? and hence relate its per­
formance to the various parameters of a basic combustion system, 
it was necessary to construct heat flow models from which the 
probe could be established as an energy monitoring device and 
eventually be applied to investigate a basic combustion process.
Of particular interest was the fuel to air ratio within a 
combustion process related to the performance of the probe 
(Chapter 6). In general, three modes of heat transition may 
be distinguished. Whatever the differences in these modes, the 
temperature difference, as the driving motive, is common to all 
(Jakob 1957, Carslaw 1959, Holman 1976, Bennett 1982).
One mode is conduction by which heat is transferred on a 
molecular scale with no movement of macroscopic matters relative 
to One another. Fourier’s law forms the basis of heat transfer 
by conduction (McAdams 1954, Carslaw 1959, Holman 1976). 
Convection is partly responsible for the heat distribution in 
fluids. Free or natural convective heat transfer is so termed 
when the fluid motion, which is caused by heat maldistribution 
in the fluid, is under the effect of gravitational forces.Forced 
convection, under any regime of behaviour - laminar, transition 
or turbulent - is caused by the influence of external means such 
as pumps. On the other hand redistribution of heat energy in a 
fluid is shared by conduction to a certain extent. The differ-
ential equations which govern convection are complicated and 
exact solutions are only possible for simple cases (McAdams 
1954, Bennett 1982).
Heat transfer by radiation relies on the theory of pro­
pagation of electromagnetic waves. The evaluation of the 
thermal radiative transfer is governed by the laws of Stefan- 
Boltzmann, Kirchhoff and Lambert (McAdams 1954, Hottel 1967, 
Holman 1976). The treatment of the system is governed by the 
differential equations of conservations. Typical differential 
equations of the conservations which may be found throughout 
the literature are given by Carslaw (1959) and Myers (1971), 
with a typical derivation procedure for conduction problems.
5.2 Techniques Available for Calculating Heat Transfer in
Spherical Annuli
Heat transfer through a spherical annulus bounded by 
concentric spheres (Fig. 2.2) has received relatively little 
amount of investigations in spite of the necessity to develop 
spherical heat exchangers for the cooling of spherical fuel 
elements in homogeneous nuclear reactors (Tuft 1981) and in 
the cooling problems associated with the temperature control 
of gyroscopes (Astill 1976, Newton 1977).
Few experimental investigations of fluid flow and of 
heat transfer in concentric sphere annuli have been reported. 
Bozeman and Dalton (1970) studied the flow patterns visually 
and demonstrated their complex nature. Rundell et al. (1968) 
demonstrated that the analytical solution of the energy equa­
tion which was obtained by Cobble (1963) was invalid. Cobble’s 
prediction of the problem was based on the assumption that fluid
velocities were tangential throughout the spherical annulus. 
Rundell et al. measured the heat transfer rates from the inner 
sphere in an annulus comprising an isothermal inner and an 
adiabatic outer sphere. They obtained a correlation for the 
overall Stanton number for a range of Reynolds numbers for 
two radius ratios. The results of the data correlations were 
described by;
n1
St (Pr) 2/3 1
»
w
( R e p 0'2 (RO) ’ (Rio -Ro P - "  C5-1)
All values were evaluated at a bulk temperature and a bulk 
velocity of coolant at ( 0 = u/2) where,
T f = ^ (T + T A wB 2  ^ t - Jwo W1
(5.2)
V, = m
w TT pt (R.
W  v 10 Roi>
C5.3)
St, = —
w
pp w
(5.4)
Re t = w
m
(R. . + R. ) Mw  ^ 0 1  1 0 /
(5.5)
CP,
Pr = w W
» iw k»
w
(5.6)
R
RO = 01
Rio
(= 0,628.for the present work) ........ (5.7)
The energy transfer rate (qt) to the cooling water was calcula-
w
The heat transfer coefficient was defined by
q, = h A (I j - T ) ..............  (S.9)
w °1 wB
The values of the constants (C^) and (n^) were evaluated gra­
phically, and were reported to be:
C.j = 3.68834 iiT  2 n^ = -2.39 (small unit)
C.j = 9. 866543 nT2 n^ = - 3.69 (large unit)
Rundall et al. (1968) employed two sets of spheres, one with
an outer sphere having an inner diameter of 33.7 cm with radius 
ratios of 1.2 and 1.1; the second with an outer sphere having 
an inner diameter of 21.6 cm and radius ratios of 1.2 and .1.1. 
Cooling water was used in the investigation. The fluid tra­
velled through the annulus between the spheres absorbing energy 
from the inner sphere and exited via a vertical pipe at the top 
Steam was supplied to the interior of the inner sphere by a 
copper tube which travelled across the diameter of the inner 
sphere. The section of the tube with the inner sphere was 
perforated to distribute the steam uniformly inside the sphere. 
The surface temperature of the inner sphere was measured by 48 
thermocouples equally spaced on each of six equally spaced 
longitudinal lines; The traversing probe for measuring the 
coolant water temperature at various locations within the 
annulus was constructed small in size with a response of 0.062 
second. For visualization purposes, water with dye tracer and 
air with smoke tracer were employed The complex nature of 
the flow patterns, and thus heat transfer, was examined and 
presented (400 < Re < 2000) .
A supplementary investigation by Cox and Sahni (1971) 
extended the work of Randell et al. (1968) to lower Reynolds 
numbers and their experimental data were correlated by the 
relation;
2A -1-76
(St) (Pr) /3 = 123Q (Re) Rio - Roi
R . + R.
01 10
D.275
.... (5.10)
The equivalent diameter (De) employed (Cox et al. 1971) in the 
Reynolds numbers evaluation was obtained by;
De = (R? - R*.)v 1 0  0 1 '
/Rio - Roi + Rio Roi 
Roi + Rio + Rio Roi
(5.11)
Bishop et al. (1964, 1966) experimentally studied free con­
vection where the working fluid was sealed in the annulus.
Air was used as the working fluid. These studies were extended 
later to cover a variety of fluids (Scanlan et al. 1970, Yin 
et al. 1973).
Approximate solutions to the natural convection problems 
in heat transfer, in enclosures, including concentric spheres, 
have been made by Raithby et al. (1975, 1976) utilizing a gene­
ralized integral method which can be adapted to thick boundary 
layers and turbulent boundary layers. More recently, Powe 
(1983) has experimentally investigated natural convection heat 
transfer phenomena which occurred between a body (including a 
sphere) and a spherical enclosure, thus establishing a much more 
reliable heat transfer correlation with an average deviation 
of less than 12 percent. Bishop (1966) and Scanlan (1970) have 
shown that correlations of the form,
Q = ^ 2 2 1  . c r "2   (s<12)
qcond L a
could correlate concentric sphere data extremely well. The 
geometric effect was accounted for in (4cond) > anc* Prandtl 
number effect was accounted for in the Rayleigh number (Ra).
(Rab)* = jl
-| r  P2 gB (t± - t .)tf c 1
(GV < Pr> J* = [  ^ T T 2 ,
w
(5.14)
and Rab = modified Rayleigh number
Ra*b = Rab («/Rio)   (5.15)
5 ■ Rio - Roi   C5 '16)
The major difficulty with equations (5.12) and (5.13) was that 
(qcond^  anc^  t i^e v°lume weighted mean temperature must be evalua­
ted numerically. Powe (1983) investigated comparisons of the 
heat transfer correlations by using both the volume weighted 
mean temperature and the arithmetic mean temperature, and thus 
concluded that the difference in the average deviation for the 
concentric spheres was less than 1 percent (advantage to the 
volume weighted mean temperature). The investigations were 
conducted to include a sphere, a cylinder and a cube, each 
enclosed concentrically inside a spherical enclosure. The 
correlations for the bodies were respectively found to be as 
follows, with the average percent deviation as shown;
Q = 0.275 (Ra*b )
0.211 , dev. = 16.3%
Q = 0.192 (Ra*b )
0*242 , dev. = 12.99%
Q = 0.3Q8 (Ra*b) 0*212 , dev. = 10.02%
(5.17)
Lienhard (1973) has defined a length term (b) for immersed 
bodies as the distance travelled by the boundary layer on the
inner body assuming no boundary layer separation, and defined 
(b) for a sphere, a cylinder and a cube, such that
b = -^—2. a sphere   (5.20)
2
b = L + D ( tt/2 - 1) a cylinder   .. (5.21)
b = 2 a cube    (5.22)
Powe (1983) employed Lienhard's (1973) investigations to 
obtain a correlation for all the heat transfer data for the 
sphere, cylinder and cube, based on a single parameter with an 
average deviation of 13.05 percent. His correlation was;
Nub = 0.744 (Rab)0-222 ............ (5 .23)
while a more accurate correlation with an average deviation 
of 11.83 percent, but with more than one parameter was;
Nub = 0.664 (Rab )0-222 [  -R-^]°'165 (Pr)°‘°18.......  (5.24)
Powe's correlations were for Rayleigh number from 10^ < Ra < 109
For his investigations, Powe (1983) employed the procedure of 
Scanlan et al. (19 70). The spherical radii were 25 cm and 35.6 
cm respectively. Cooling water from a closed system flowed 
between the spheres and maintained the outer body at a constant 
temperature. Five thermocouple probes, located in a common 
vertical plane (at 0, 40, 80, 120 and 160 degrees, from the 
upward vertical) were used to obtain the temperature profile 
data. The inner bodies were maintained at a constant tempe­
rature by varying the power to cartridge heaters within the 
inner bodies. Other fluids were used with a range of Prandtl 
numbers of 0.706 for air to 10690 for 96% glycerine.
The problem has also been studied numerically through 
finite difference calculations (Arden 1970, Patankar 1980) by 
Astill (1976) > Ramadhyani et al. (1983), and Tuft (1981).
In Astill computations, the governing differential equations 
were first simplified by deleting terms containing second 
derivatives in the circumferential flow direction in order to 
simplify the set of assumptions embodied in boundary layer 
approximations. These calculations provided detailed descrip­
tions of the radial and circumferential variations of the 
variables. The recirculations were ignored.Tuft1s (1981) 
computations did not include the boundary layer approximations 
and were limited to a radius ratio of 1.2 with the assumption 
of constant fluid properties (water). The effect of Prandtl 
number was ignored.
Ramadhyani et al. (1983) simplified his computations by 
ignoring all body forces such as gravity, buoyancy and terms 
corresponding to viscous dissipation. The influence of the 
inlet and outlet port apertures was not studied and assumed 
to be fixed at 0.2 radian. Ramadhyani et al.'s (1983) investi­
gations in the field of forced convection heat transfer in 
laminar flow between concentric, isothermal spheres were the 
best theoretical treatment of the problem, so far available, 
but examination of Equations (5.25) to (5.35) reveals that 
the problem was influenced by a formidable array of parameters; 
Re, Pr, R, and _t^ , which imposed some invalid assumptions
to be made in order to keep the computational effort to mana­
geable proportions,
The finite difference calculations were based on the iden­
tification of the problem by establishing the conservation
equations at the equator of the sphere (0 =ir/2), in dimensionless 
form of parameters. Typical conservation equations were for­
mulated as follows;
V * the mean velocity of the fluid at the maximum section
u = V 0/V , v = Vr/V , r = R/Rio
£  = ^ _  , t . .
PV “ T, - T
R
RO = 1 0
Roi
, Re =
1 o
pV (Rj_o ~ ^oi^ 
y
, Pr =
y c.
where RO = 1/RO.
The dimensionless differential equations expressing conser­
vation of mass, radial and tangential momentum and energy were 
given by Ramadhyani et al. (19 83) respectively as follows;
(1/r2) 3(r2 v)/3r + 1
r sin e
3(usin 0) / 3 0 = 0 ... (5 . 25)
v 3v/3r + (u/r) 3v/30 - u2/r = -3p/3r
+[V2v - 2v/r2 - (2/t 2 sin 0) 3(u sin 0/30] (RO - 1)/Re
.....  (5.26)
v 3u/3r + (u/r) 3u/3 0 + u v/r = -(1/r) 3p_/3 0
+[V2u + (2/r2) 3v/30 - u/(r2 sin2©)] (RO - 1)/Re
(5.27)
v 3t/8r + (u/r) 3t/a0 = v2t (RO - 1)/(Re Pr) .....  (5.28)
where v2 = two-dimensional Laplacian, expressed in spherical
coordinates
V2 = (1/r2) 3 / 3r +
r z s m  0
3(sin 0 3/ 30)/ 30
.....  (5.29)
The boundary conditions were simplified in terms of the varia­
bles of the analysis and were expressed as follows:
9v 3t:
—  = u = —  = 0 along 0 = 0 , 0 = it
00 “ 90
u = v = 0 , t_ = 1, at r = 1
u = v = r = 0 , at r = RO, and < 0 < (ir ~^0) • • (5.32)
u = 0 , v = V . , t = ti , at r = RO, and 0 < 0 <
........... (5.33)
9u at _
—  = —  = 0  at r = RO and (n ~ ^ n) - 9  ^ it ....... (5.34)
9 r 9r
Vi is the ratio o£ the inlet velocity to the mean flow velo­
city, which is solely dependent on the geometry, and was given 
by;
Vi= (RO2 - 1) / [2 (RO)2 (1 - cos tj^ ) ] ........... (5.35)
Although Equations (5.25) to (5.35) have been extremely sim­
plified by the various assumptions, yet to obtain solutions 
by the finite difference methods is extremely involved and 
required a prohibitive, amount of computation. An alternative 
technique was to recourse to empirical methods, which would 
reduce the computation to a managable size.
Regardless of the nature of the investigations which were 
carried out on the spherical annuli, they were all based on a 
spherical annulus bounded by concentric spheres of radii (Rp^ 
and R^0). The fluid flow was to enter and leave the annulus 
through diametrically opposed circular ports, the apertures of 
which were (^) and (^Q) respectively. The flow was assumed 
to be radial over the inlet port and azimuthally symmetric, 
incompressible fluid, smoothly turned by the inner sphere in 
the circumferential direction, and steady. The actual flow
(5.30)
(5.31)
patterns that influence heat transfer were much more complex 
than has been depicted in those solutions (Rundell et al. 1968). 
The inner sphere has always been used with the elevated control­
led temperature. The properties of the fluid have been evalua­
ted at a volume mean temperature, T , for greater accuracy, 
given by;
5.3 Empirical Methods
In situations where a problem solution becomes beyond a 
reasonable size of computations with increasing uncertainty, 
recourse to empirical methods in the heat transfer studies 
becomes an attractive alternative. Most empirical correlations 
in heat transfer studies have been well established experimen­
tally and their deviations have been defined clearly from the 
ideal. However, whenever prohibitively excessive solutions \in 
certain areas of this work were demanded, recourse to an alter­
native empirical method was used.
5.3.1 Convection about a Spherical Body
The prediction of the convective heat transfer to the 
spherical probe ( G H F M )  from its surroundings would require first 
of all the prediction of the heat transfer coefficient under 
such circumstances.
Tm (5.36)
where
R (5.37)m 2
Yuge (1960) carried out experimental investigations on 
heat transfer to spherical bodies under conditions of free 
and forced convection and correlated his data respectively as;
= 2 + °'392 CGr)*25 .............  (5 . 38)
1 <Gr <10
N u fnrcPd= 2 Cl + °*246 (Re)’5] '   (5.39)
10 <Re <1800
The combined effect of free and forced convection was not 
discussed by Yuge.
Klyachko (1963) compared Yuge’s correlation for free 
convection with that of Mikheev's (1956), and concluded that 
there was a disagreement in values of (Nufree) of both authors 
(Mikheev 1956 and Yuge 1960) at low (Gr) values (i.e. Gr <1), 
but the agreement was improving as (Gr 105). This was recent 
ly shown by Singh (1969): for values of (0.01 < Gr <0.1) the 
isotherms were almost concentric spheres and the heat transfer 
was dominated by conduction, and these isotherms tended to come 
close to one another as the (Gr) value approached 50. However, 
Mikheev’s correlations were;
Niifree = I-18 CGr Pr)’125 ..... ..........  (5 .40)
10'3 £ Gr Pr £ 500
Nufree = °‘54 (Gr Pr)'25   (5.41)
500 s Gr Pr £2 x107
The combined effect of free and forced convection was dis­
tinguished by two zones for which Klyachko (1963) proposed 
the following formulas;
Nu1 = Nur j 1 forced
Re + Re Gr 0*25 “
1 + c ----- ---
Re . Re2 j
(5.42)
10"3< Gr Pr <500
and C = 0.125, which was obtained by averaging Klyachko*s 
experimental results.
Nu 2.= Nufree 1 + f Re2 I
025
Gr -
(5.43)
The value of ReQ is the Reynold number corresponding to the 
value of (G:r) when
Nufree = Nuforced ................  (5.44)
Mucoglu (1978) used the finite difference method for mixed 
convection and concluded that for an equivalent buoyancy force 
effect, heating by uniform surface heat flux yielded a larger 
Nusselt number than heating by uniform wall temperature.
Whitaker (1972) developed a single correlation which 
applies equally for gas and liquids that pass a sphere causing 
heat transfer. The correlation was found to give good agree­
ment to those correlations which were rounded-up by Holman 
(1976) for various situations. The correlation is;
Nu = 2 + [jo.4 (Red)°« + 0.06 (Red ) 2/3 J (Pr)0M [ ^
025
W
(5.45)
3.5 < Red <8x10**
0.7 < Pr < 380
The properties were evaluated at the free stream temperature 
(d, 00 and w refer to diameter of sphere, free stream and sphere 
wall respectively).
McAdams (1954) gives data correlated by Kramers (1946) for 
flow of air, water and spindle oil past a single spherical body, 
such as;
where Re^ 0.4 < Red < 2000
m = the mass flow rate
f = film temperature.
In this work, some of the calculated results were based on
correlated properties as well as correlated variables, which
were expressed in polynomial forms to give continuous functions
for use in computations. The accuracy of the correlated values
were better thant0.2% in all cases. Typical correlated values
are listed - in Appendix VI. (Details in Internal Departmental Report 
No. FT-RH-91).
5.3.2 Effect of Thermal Conductivity
Between concentric spheres, the effective thermal con­
ductivity depends on the fluid which is being used. Holman 
(1976) gives the analysis and* experimentation by Weber (1972) 
who correlated this case by;
1.2 x 102 < (Gr Pr) < 1.1 x 109
6 = R^q - Roi, the spacing gap which separates the sphe­
rical bodies.
For a steady-state operation, the heat transfer between spheres 
was thus given by;
Nu. = = 0.228 (Gr, Pr)0-2266 k 6 (5.47)
q (5.48)
0.25 s C«/Rio) s 1.5
(see Section 5.8).
5.3.3 Heat Transfer to Surroundings by Convection
Figures 2 . 1  and 2.3 show the configurations of the furnaces 
which were used throughout the tests. Convection was one mode 
by which heat energy was lost to the environment. Empirical 
correlations are still good means to evaluate the heat loss by 
convection.
5.3.3.1 Vertical Flat Surfaces
Various empirical correlations are available to evaluate 
convective heat loss from a vertical plate (McAdams 1954,
Holman 1976). However, Rose et al. (1977) presented Churchillfs 
correlation (1975) which was reported to fit well the experi­
mental data for convective heat transfer of a vertical plate 
throughout all convection regimes;
, 0. 387 (Gr„ Pr) 1/e
Nu* = 0.825 + ----------- 2----- 57 sr ......... (5.49)
H [1 + (0.492/Pr) 16 ] /27
All values of dimensionless parameters are to be based on H (the 
height of the plate). For a disc of diameter D,this height is 
0.9 D (Holman 1976).
For the laminar region (Gr < 2 x 109), the average and 
local Nu can be evaluated from the following expressions 
respectively
Nux = (3A/4) (Grx Pr)1 and Nu^ = A (Gr^ Pr) * 
where A = C Pr/ { 2.43478 + 4.884 Pr 1/ 3 + 4. 95283 Pr}
However, when Gr Pr < 10^
Nu l = 1.6/Ln [1 + 1.6/ (A (GrL Pr)*}]
(Appendix V and section 6.3.5a).
5.3.3.2 Horizontal Flat Plates
(a) Lower surface of heated plate was correlated for 
natural convection heat loss by Singh (1969) by the following 
expression;
Nute =0,58 (GrL ; Pr) ^    (5.50)
for 1Q5 < GrT Pr < 1011 
Le
The characteristic dimension Le was the average value of the 
dimensions of the rectangle;
(Le = 1/2 (Lx ♦ Ly)
No turbulent flow regime exists in this case (Rose et al. 1977)
(b) Upper surface of heated plate was correlated for 
convectional heat transfer by various investigators (McAdams 
1954, Holman 1976, Rose et al. 1977), and some of the corre­
lations are;
Nu le
= 0.54 (Gr
for
G %
Pr < 10 7 t
Nu t
e
= 0.14 (Gr
for
G^ e
Pr > 10 7
1   (5.51)
lfi    (5.52)
5.3.3.3 Horizontal Cylinders
A single expression was derived and experimented by 
Churchill (1975) and was presented by Rose (1977) as follows;
lk
... (5.53)Nu d = 0.6 + 0.387
GrD Pr
[1 + (0. 559/Pr)9^ 6 ]lb/9
The single expression correlated the heat transfer by con­
vection over the various stages of the convection regimes.
The characteristics length in the Nusselt and Grashof numbers 
was D, the cylinder diameter (see Section 6.3,5a).
5.4 Thermal Radiation between Solid Surfaces
Radiant interchange between any two surfaces forming 
part of an enclosure involves considerations of two kinds, 
the view the surfaces have of each other and their emitting 
and absorbing characteristics. The only case in which the 
view factor of radiation need not be considered is the case 
of infinite parallel planes.
If a grey surface is assumed, in which the total absorp­
tivity is independent of the spectral distribution of the 
incident radiant energy, its absorptivity and emissivity are 
equal for all test conditions. The grey plane of area and 
emissivity, e p  opposite a grey plane A 2 , and emissivity z2 > 
in unit time and unit area of plane A.j emits aT^ of which
the fraction i-s absorbed, and (1 - Z2) Gi reflected back 
towards A1 and absorbed .. etc., resulting in an infinite 
geometric series expressing absorption at A2 of the form;
= A1 aT., [e^ z^  + e-| (1 " e2^  ^  " G1^  e2 * e1 c
( 1 - 2 +
= A, aT, ......... -.......  ............... (S.54)
1/e1 + 1/e2 " 1
Since the emissivity term is symmetrical, the net radiation 
interchange between the two surfaces is given by;
qyj = A1 a (T^ - )
1/e- j  + 1 / e 2 -  1
= A1 a ?n (T^ - T2“ ) (S . 55)
where o-\2 v^ew factor of radiation between plane A1
and plane A2, The view factor is approximately unity for a 
small body, which is completely enclosed by a large surface. 
This is equally applied for large parallel plates, as already 
stated. Then from Equation (5.55) it follows that, in a black 
enclosure (e = 1) of surfaces 1, 2, 3, ... etc.
In industrial furnaces, the calculation of radiant heat 
transfer rates (in an enclosure) involves heat source, heat 
sink and intermediate refractory surfaces. The refractory 
surfaces may be considered to be "no-net flux" surfaces for 
a radiant transfer (McAdams 1954). If the problem be restricted 
to an enclosure containing a single source surface (A1), a 
single sink surface (A2) and a refractory surface (Rs), assuming 
uniform temperature of each surface T^, T2 and T^, all of black- 
body characteristics, then;
. (5.56)
F 1 2 A 1 "  F 21 A 2 (5.57)
and the net heat flux from surface A1 is;
(5.58)
and A, F1Rs od," - XRp  + A 2 F2Rs a (T^- T^ )  = 0 
then
^1,net A 1 F12 +
 L _  + i
A 1F 1Rs A 2F 2Rs
a (Tf - T*)
If F —  is defined such that represents the fraction of 
radiating energy from A1 which reaches A2 directly and by 
detour via the "no-net flux” surfaces, then for the net inter­
change ,
«1,net = A 1 F12 ‘ V )  ............  C5.59)
where
A 1 F12 = A 1 F 1 2 + — ------'--—  ............  C5.60)
 !—  +  !—
A 1F 1Rs A 2F2Rs
^ 2 in Equation (5.55) is true for infinite parallel planes of 
grey body characteristics. For finite planes 2 ‘ta c^es the 
form of Equation (5.61);
1/F,^ +
(5.61)
12  ( 1 / 61 -  1) + A 1/ A 2 ( 1 / e 2 -  1)
F12 = F12 For no reradiating surfaces.
5.4.1 Geometry Factors
Sometimes known as the view factor, it is complicated 
but important for calculation of radiation interchange in a 
system of several surfaces with different temperatures and 
different characteristics. The radiant energy leaving a black 
surface A1 and arriving at a black surface A2 with nonabsorbing 
medium between them, will be proportional to the apparent area
(dA cos <{>) of each surface as viewed from the other surface 
and inversely proportional to the square of the separating gap
o2;i.
The analytical formulations of view factors for certain 
simple shapes have been solved by computational algorithm 
(Sowell et al. 1972), which was based on laws of reciprocity 
and flux conservation. This technique is useful when other 
techniques which are much easier to adapt do not succeed in 
calculating the view factors of a geometry. Hottel et al. 
(1967) have formulated the solutions for various geometries 
with some graphical representations. For rectangles (A1) and 
(A2) of equal dimensions, in parallel planes and directly 
opposed, he gave the following derivation;
12
ln (X2 + Z2)(Y2 + Z2) 
XY (X2 + Y 2 + Z2) Z2
—  tan'1 - + - (Y2 + Z2) * 
X Z Y
2Z . -i X - —  tan 1 —
tan- l X
(Y: Z2)
+ - (X2 + Z2)1 tan'
(X2 + Z2)5
(5.62)
where X and Y are the dimensions of each of the rectangle 
and Z is the perpendicular spacing between the parallel rec­
tangles. In the limit as Y tends to infinity Equation (5.62) 
gives the exchange factor between infinite parallel strips, 
such that;
2 "T*
12 1 + (Z/X) - (Z/X) (5.63)
For rectangles in perpendicular planes and having one common 
edge - say X-axis - he derived the following expression;
12 = .j- -• In 
4
(X2+Y2+Z2)y2+z2'x2 (Y2)y2 (Z2)z2
(X2+Y2)y2'x2(X2+Z2)z2‘x2 (Y2+Z2)y2+z2(X2)
T
+ XY tan-1 - + XZ tan'1 - » X (Y2 + Z2)* tan'1
(Y2 + Z2)^
......  (5.64)
where x = X 2 - , other terms are defined in Fig. 5.1a and
Fig. 5.1b for the view factor between two rectangles in per­
pendicular planes and having a common edge, expressed by 
Equation (5.64). For the case of perpendicular narrow strips, 
(Y/X > 5 and Z/X > 5), Equation (5.64) reduces, with an error 
of two percent.to;
T2-= Xf.
4ir c3 - In 11 + *!. Y 2 Z2 +  1  f  ' x 2  j  “ I7 2 Y 2 + Z2 J -1x£2  ^Y 2
(5.65)
where TZ = F ^
Feingold et al. (1970) analysed the case of radiation from 
spheres and cylinders to a certain class of surfaces; the con­
figuration factors were independent of the validity of Lambertfs 
cosine law. The configuration factor of radiation from a 
sphere to a co-axial rectangle was given as follows:
s-rect.
+ s m
2 7T
s m
2 a2t?.j - (a2 - b2)(b2 + t?2) 
(a2 + b2 ) (b2 + b2)
- 1
2 a2b2 - (a2 - b2 ) (b2 + b2 ) 
(a2 + b2) . (b2 + b2 )
..... (5.66)
where a = perpendicular distance between centres of sphere 
and rectangle 
= half the X and the Y dimensions of the rectangle
Feingold (1970) presented the configuration factor of 
radiation from a sphere to a coaxial disc in the following 
manner;
2tt /a2 + Rj* ( /a2 + Rd2 - a)
F - dsc. = s 4i r  / a 2 + R 2
2 2 /a2 + R2
(5.67)
Equation (5.67) was obtained from the fact that the factor 
from the radiating sphere to the outer sphere is unity, thus, 
the factor from the sphere to the area ACB (Fig. 5.2) and 
with it the factor from the sphere to the coaxial disc is 
equal to the ratio between the area of the spherical segment 
ACB and the total area of the outer sphere. Because the factor 
from the sphere to an enclosure containing this sphere is 
unity, the factor from the sphere to the cylinder may be ob­
tained by subtracting from unity the factors from the sphere 
to the two end discs of the cylinder. Using Equation (5.67) 
the configuration factor of radiation from a sphere to a co­
axial cylinder could be obtained from the concentric configu­
ration (Fig. 5.3a), from;
F . = 1 - 2 s-cyl 2 /a2 + Rd2
/ a 2 + R 2
(5.68)
If the sphere and cylinder are not concentric (Fig. 5.3b), 
then;
Juul (19 79) presented an analytical method which was 
based on an integration scheme in which the sphere was re­
placed by that part of a concave spherical surface which 
intercepted the same amount of radiation energy. The advan­
tage of this scheme was to obtain an expression which was 
easier to integrate for the formulation of view factors of 
differential plane sources to spheres. He compared his 
results with other investigators, including Feingold (1970) 
and Hottel (1967), and reported the agreement of his results 
with these two investigators.
It was decided to check Juulfs stated agreement of 
results by formulating the view factor from a differential 
element, ds (Fig. 5.4) to a rectangle by following Hottel's 
(196 7) procedure. The derived view factor was obtained as 
per Equation (5.70);
By application of Equation (5.70), it was. in agreement with 
Juul's formula (1979) and with Feingold's (1970) formula if, 
and only if, differential elements were assumed. For finite 
sphere, when using Equations (5,66) to (5,69), it was necessa^ 
ry to adopt a weighting factor so that the sum of the view 
factors within the enclosure would give unity. The true view
(5.70)
where
l (X/2)
Yi = 2 sin
[a2 + (X/2) 2 + (Y/2)2]*
;
^2 ~ 2 sin ' 1 (Y/2)
[a2 + (X/2) 2 + (Y/2)2]*
factor values were found to be less than their corresponding 
values for differential elements.
Recently, Chung (1982) and Naraghi (1982) developed sepa­
rately, a general sphere formulation for the radiation shape
factors between discs and a class of coaxial axisymmetric 
bodies such as cylinders, cones, etc. The procedures of mathe­
matical analysis were presented. OppenheinT (I960) presented 
geometric factors for radiative heat transfer through an absor­
bing medium in Cartesian co-ordinates. This procedure was 
based on the relation
where is the radiosity of A1 (sum of the emitted, reflected 
and transmitted flux per unit area), is ‘t^ie radiation beam
(distance between elements dA1 and dA2)« 9^, angles between 
radial beam and the normal to elements. This work involved 
parallel rectangles and rectangles joined by a right angle 
having a common edge and was suitable for numerical integration 
based on any absorption law.
5.5 Shape Factors for Conductive Heat Flow
In many cases of practical importance, the heat conduct­
ion is more complicated than to be solved by Fourier’s equation 
for heat conduction, in particular when the surfaces are not 
parallel nor of uniform cross-section, or cases in which the 
cross-sectional area of the heat flow path becomes a function 
of the length of the path for heat transfer. This path may 
also vary from one part of the surface to another. Some 
(McAdams 1954) have used the average area of the parallel sur-
A1xA2
faces and hence applied Fourier's equation. That has led 
to erroneous results (Andrews 1955), Other methods have 
been used to give upper and lower limits between which the 
correct value must lie. This approach was developed by 
Langmuir (1913) who was the first pioneer to study and for- 
mulate the conduction shape factors (Langmuir factor), for 
various geometries,
Andrews (1955) has carried out analytical and experimen­
tal investigations on various geometries, assuming steady- 
state conduction and applying Fourier's basic equation to 
a differential element in a direction, X, normal to a differ­
ential element, dA, then taking T^ and T2 as the terminal 
temperatures, and, T, any temperature such as T2  ^T < T^,then 
when T = T.j;
when T = T2
By applying these boundary conditions to Fourier's basic
t was independent of the temperature gradient T^ - T2, but 
depending on the shape of the geometry through which heat 
flow was conducted. In Equation (5.71) the term;
is the conduction shape factor (S.F.) which is the ratio of
equation which resulted in
« - -k <Ti - V  J H  d A (5.71)
the effective mean area, Am, to the effective mean length, Lm , 
of the geometry. The shape factor depends on the geometry 
configuration of a body conducting heat, independent of the 
temperature, heat flow or any thermal property. The equation 
for heat conduction can generally be expressed as;
q = -k (S.F.) AT   (2.72)
Thus, S.F. may be expressed by;
S.F.=A/b' for flat, parallel plates with insulated edges;
A and b* are the effective mean values of the 
plate area and heat flow path.
2 TT LS.F. = ----- 5  for concentric cylinders, length = L
( oo ^In
Rio
4lr CRoo RicP S.F. = — ---------  for concentric spheres.
Roo “ Rio
R00> are external and internal radii of a spherical shell 
or of a hollow cylinder.
Smith et al. (1958) defined an empirical equation for a 
geometry with a cross-section which was represented by concen­
tric squares. The other dimension was taken to be unity. The 
empirical equation was;
ml T
S.F. = ---- ?-----  for — > 1.7   (5.73)
log -f - m 2 L’
where ml = 2.92 t 0.05, and m 2 = 0.0233 t 0,0007. L and L ’ are 
the lengths of the outer and inner edges of the concentric 
squares, ml and m2 values were reported to be accurate to 90% 
confidence limits.
Equation (5,73) was compared with its equivalent from 
Langmuir’s (1913) work, and was found to be of very slightly 
higher value. The difference was insignificant. The differ­
ence was reported to have been due to the inaccuracy of the 
facilities which were employed in the earlier work.
Hahne (1975) presented a recent study of various geome­
tries and reported the following empirical equations as a 
refinement to Equation (5.73). The equations were;
S.F. = --   —  for i > 1.4 .... (5.74)
0.93 In =  - 0.0502 L'
L'
Z = depth of shape.
For the present work of the calibration furnace, values of 
S.F. = 2.9 m compared with 2.91 m, were obtained using Equations 
(5.73) and (5.74) respectively. The dimensions of the furnace 
were approximated by the logarithmic mean difference. Obvious­
ly, the error involved by using Equations (5.73) or (5.74) was 
0.35%. For a disc, such as found at the ends of a cylindrical 
furnace, Hahne (1975) gave the following equations;
S.F. = —  R, = 8 R, for a thin circular disc 
u/2 d d
and
4 TT Rd
S.F. = ---------— ----   a > 5 R ,   (5.75)
2 I j. - arctan <^tya]
R^ = radius, a = thickness of the disc respectively.
5 . 6  Response of the Gross Heat Flow Meter to a Thermal Upset
5,6.1 Theoretical arid Practical Background
Thermal systems are those in which the storage and flow 
of heat are involved. Their mathematical models are based on
the fundamental laws of thermodynamics. The purpose here is to 
obtain some mathematical expressions that are capable of des­
cribing the dynamic response to a good approximation. The 
variables for describing the behaviour of a thermal system are:
T = temperature, in Kelvin (K) 
q = heat flow rate in joules per sec. (J/S)
The parameter of diffusivity of a material plays a major role 
in the distribution of heat through the material. This in turn 
characterizes the response of a system to a thermal upset and 
a system selection for thermal transduction can in one way be 
judged by that response. However, for modelling and analysis, 
a desired assumption to reduce complexity is to consider that 
all points of the body have the same temperature. This is 
presumably the average temperature of the body at a specified 
cross-section of it.
For most thermal systems, an equilibrium condition exists 
that defines the nominal operation. Generally, only deviations 
of the variables from their nominal values are of interest 
from a dynamic point of view. In these cases, incremental 
temperatures and incremental heat flow rates are defined by 
relationships of the form;
T (t) = T (t) - T
q (t) = q (t) - q
where T and q are the nominal values. The corresponding time
dependent variables are denoted by T(t) and q(t) respectively.
Moreover, there are two types of passive thermal elements, 
namely thermal capacitance and thermal resistance. Thermal 
capacitance and thermal resistance are characteristics asso-
ciated with bodies that are distributed in space, including 
heat diffusion through bodies. However, the dynamic behaviour 
of the lumped system model will be constructed by referring 
to the thermal capacitance and thermal resistance as elements. 
These elements are defined below,
5.6,2 Thermal Capacitance, Ct
Provided that there is no change of phase, a physical 
body at a uniform temperature will have an algebraic relation­
ship between its temperature and the heat stored within i‘t;
. •
If “ qo u t ^  denotes the net heat flow rate
into the body as a function of time, then the net heat supplied 
between time t^ and time t2 is;
rt2
. ' V i t  ] dt
t1
If the temperature of the body at the time t^  is denoted by 
T(t.j), then the temperature at time t2 is;
*2
^ i n ^  " qout Ct) ] dt ... (5.76)T(t,) = T(t«) + 1
t
where Ct is the thermal capacitance and has units of Joules 
per. Kelvin. For a body having a mass, M, and a specific heat, 
.C , the thermal capacity, C^, is given by;
CL = M C„ t p
Differentiating Equation (5.76) yields;
T -cvcp-c qinCt) - qout (t) 3    (5.77)
which relates the rate of temperature change to the instanta­
neous net heat flow rate into the body.
5.6.3 Thermal Resistance, Rt
As already stated, heat can flow between points by three 
different mechanisms; conduction, convection and radiation. 
Specifically, the flow of heat by conduction from a body at
where is the thermal resistance of the heat flow path
between the bodies, with units of Kelvin/watt. For a path of
#
cross-sectional area, A, and length, L , having a uniform 
thermal conductivity, k(t), its Rt value is given by;
5.7 Modelling the Performance of the GHFM
Following Hornfeck (1949), Aikman (1953), Fishwick (1952), 
Linahan (1956), Otto Muller-Girard (1955), Green et al. (1962) 
and Quandt et al. (1960), the gross heat flow meter (GHFM) was 
treated as consisting of two systems. The first system com­
prises the spherical shell and the surrounding environment.
The second system comprises the flowing cooling fluid within 
the annulus and the other internal components of the meter 
(see Fig. 2.2).
Except at quite high frequencies, electrical circuits 
can ususally be considered as an interconnection of lumped 
elements, Possible analogy of a system is by the application of 
electrical phenomena by which a model can be formulated and 
thus be represented by a simple electrical circuit or circuits
an elevated temperature T^ to a body at temperature T2, obeys 
the relationship;
q(t) = (1 /Rt) C T-, (t) - T2 (t) ] (5.78)
(5.79)
using ordinary differential equations. The variables most 
commonly used to describe the behaviour of electrical 
circuits (Aseltine 1958, Shearer 1958, Close 1978) are;
e, voltage in volts (v) 
i, current in amperes (A)
The related variables used to describe the behaviour of a 
thermal system, which correspond to (e) and (i) above, are;
T = temperature
q = heat flow rate, respectively.
The spherical shell and its surrounding environment was treated 
as a double transfer stage system (see Fig. 5.5a). A simplifi­
cation can be achieved by approximating the system to a single 
transfer stage system, which can consist of one resistance- 
capacitance set, but Fishwick (1952) has shown that an electri-' 
cal circuit analogy of a single transfer stage did not repre­
sent the true distribution of thermal impedances, and thus the 
time constant involved was not representative.. However, it 
was desired to formulate the behaviour of the system from the 
observations of the signal of the thermocouples which were 
embedded halfway within the spherical shell.
In general, the solution of the heat transfer of the 
gross heat flow meter is thermodynamically complex and some 
simplifying assumptions were considered necessary, such that;
1, Heat was transferred radially from the GHFM surrounding 
boundaries to its cooling fluid,
2, Thermal resistance and thermal capacity of the system 
components were linear with variation in temperature and
homogeneously distributed throughout the material involved.
3. The stainless steel sheaths of the embedded thermocouples 
within the shell constituted an integral and homogeneous 
part of the spherical shell.
4. The coolant temperature was homogeneous throughout the 
annulus.
5. Due to the, relatively, low temperatures of the internal 
components of the heat flow meter, their total thermal 
capacity was considered to contribute a negligible effect.
6 . Conduction via the fine thermocouples1 wires and sheaths 
was assumed negligible.
7. Due to the low driving force the heat conduction via the
thermocouple protecting tube and inlet coolant carrying tube
was assumed negligible (Fig. 2.2),
8 . The thermal expansion of the spherical annulus and that of
the cooling fluid are negligible.
9. Cooling water flow rate is steady.
Figure 5.5 is an electrical circuit analogy of the spheri­
cal shell. R.£o is its film resistance with the surrounding 
environment. Fig. 5.5b results by lumping thermal components of 
Fig. 5.5a, as detailed on the figures. From Fig. 5.5b and 
Equation (5.77);
"^2 ^2
R 1tq-|M + (p- f q-j(t) dt- q 2 (t) dt = TMp(t)  (5.80
It 1 1 1
1 f 2r—  j q^ (t) dt + ^ 2 tq 2 +
C 1 t C2 t
q 2 (t) dt =0 (5.81
ts h m ^  ~
1 t
qy (t) dt (5.82
2TSHi = { q2 ^  dt (5.83)
2t
q2 (t) dt + R3tq3Ct) + 1 + 1
C2t C3t >
rl2
q3(t)dt=0 (5.8-
h
= 3t
q3(t) dt (5.85)
'1
From Equations (5.80) to (5.83), which represent the shell and 
surrounding environment, the transformed solution of the shell 
mid-point temperature, TmQ(s) (where (s) denotes a Laplace 
operator) can be formed to give the transfer function (s) 
in terms of input temperature of the environment, T^p(s), 
such as;
T (s) moA J
H i(s) = r a nMF 
2t °2(R/j + S + 1)
(T -i S + 1)(t9S + 1)
(5.86)
The solution for the transfer function H2(s) of the inner sur- . 
face temper
"^ MF ^ s ^ d s *
ature of the shell, T. (s), as related to that of
10
Tio(s)
H2(S) = TJiTiT
(t, S + 1)(t , S + 1)
(5.87)
where
T 1
+ R1t^C1t+C2^
_h2
and
t2 =
R2tC2t + R1t^C1t+C2t^ _ 
2
_
+ RlFC1t+C2t)
' R 1tR 2tC 1tC2t 
. . ..... (5.88)
from which
T1 x2 = R 1tC 1tR 2tC 2t
T1 + t2 " R1tC1t + R1tC2t + R2tC2t
For both H^(s) and ^(s), and x2 are time constants.
In similar manners the transfer function H^Cs) relates the 
temperature T^0 (s) to the input heat energy Q^(s);
Ti o' (s) R2t
H,(s) = “  =--------- — ...... ............ (S.89)
QjCs) (i^s +1) (t2s +1)
Qh (s)
H.(s) = -----  , where H.(s) is the transfer function
Qi(s)
relating the heat energy input to the cooling medium, to that 
of (^(s).
But Q,(s) = C2t(s) • Ti0(s) ; Q2(s) = energy absorbed by coolant
Therefore,
Qo(s) ^2t^2t ^
— ---- = —  - ■ .....................    (5.90)
Qi(s) (t iS +1)(t 2s :+1)
But = ^3t
q2 (s) c2t
1
C3tR3t + 1
C3tR2tSH« (s) = -------------------------------    (5.91)
(T1S +1)(t2S +1)(C3tR3t.S +1)
The second part of the GHFM to be analysed consists of 
cooling fluid flowing through a spherical annulus. Heat is 
supplied to the fluid at a rate of q^(t). The thermal capa­
citance of the liquid is the product of the liquid’s volume, 
density and specific heat, The heat entering the spherical 
vessel is the sum of that due to q^ 'ft) and that contained in 
the incoming stream. The heat leaving the vessel is the sum
of that taken out by the outgoing stream and that lost to the 
internal components of the vessel via the film resistance 
between the fluid and the internal components (assumed negligible, 
assumption No. 5 ),
The perfect mixing of the cooling fluid implies that the 
temperature of the outgoing fluid and of the bulk temperature 
within the vessel may be assumed as equal. From Equation (5.77);
dTtR 1
5 T *B + («in ' W    C5-92)
where
^in = + » pw CH  Tilri ^
where = inlet temperature of fluid (above a datum temperature
w = volumetric rate of fluid flow
% u t  w pw CP* TwB + ~ ^wB Toi^
rsit
where
TQi = average temperature of internal components of GHFM.
If W = volume of spherical annulus (i.e. fluid within annulus
Mic = mass of internal components
psi>Q?si = density and specific heat of the internal components 
(stainless steel)
then
C3t = W CP* %  + M ic CPsi 
By substituting these expressions into Equation (5.92) a first 
order differential equation results as;
Hence, the time constant governing this part of the GHFM can 
be deduced from Equation (5.93) as;
flow approaches zero. But x^ approaches w/W when R£sj,t 
approaches infinity (ho heat flow to the internal components 
of the GHFM).
The relationship between the nominal values, 'q^ , T ^ ,  T^g 
and the internal components temperature, *T £*,. is obtained by 
setting, T^g = 0, in Equation (5.93);
Rewriting Equation (5.93) in terms of the incremental variable
The equilibrium conditions (or operating point) corresponding
a
to the initial condition, T^gC0) = 0 and to incremental input, 
^ h ^  = 0 = T^(t). The transfer function,
In a similar manner, the relationship between the cooling flui 
average temperature (bulk) and that at the inlet of the GHFM is 
given by;
(5.94)
From Equation (5.94), x^ approaches as the fluid 
(5.95)
qh(t) - qg, the incremental model results;
(5.96)
obtained from Equation (5.96) is
H (S) = .V c-3t—  
s + 1/t4
(5.97)
wFrom Equations (5.91) and (5.97) and by simplifying x^ = — ,
w
as more realistic values, since the internal components of
the GHFM were assumed to have a temperature of the bulk of
the cooling fluid, hence;
t »r ( s )  m/m R-rf S
H (S) =   =  :-------- ...(5.99)
Q.(s) ( i j S  + 1 ) ( x 2 S + 1 ) ( x 3 S + 1 ) ( t 4 S + 1 )
m , m are mass of fluid within annulus and mass flow rate res­
pectively.
where x^ = and x^ = W/w = m/m.
For any type of input to the GHFM the performance time constant 
and time delay may be evaluated in accordance with the transfer 
functions H ^ ( s )  to H y ( s ) .
In an actual process for which qj1(t) is controlled to its
highest value for all variations of Ti-(t), a feedback controlwi
system may be used to detect changes in f^B (t) and make corres­
ponding adjustments in the variables which are interrelated to 
give the desired value of q^Ct) indirectly (via direct control 
of qt).
For an embedded thermocouple within a wall, the thermocouple 
response is equivalent to a ramp input signal (Fig. 2.11), when­
ever a step input signal is being applied to the surrounding 
environment of the wall, this being caused by the thermal lag 
which is caused by the thermal mass of the wall as presented by 
Green (1962), However, it was decided to minimize the situation 
by assuming that the mode of the environmental input signal be 
equally transmitted to all parts of the GHFM, with the appropriate
time delay involved.
For analytical purposes a unit step input of the furnace 
environment was considered. The response of the embedded 
thermocouples was thus obtained from Equation (5.86) to be;
t „ o t
T (t) = 1 + mo v J
T1 " R2tC2t
t2 ' T1
T1 +
To - Ro u_C2t 2t
T 1 '  t 2
*2
..___  (5.100)
Similarly, from Equation (5.91) and for a unit step input 
change in the received heat (q^(t)).
qh(t)-1 +C3tR2t
1
t
T1
_t_
T2
(T1 “ t 2-) ^ t3 “ T1^ (Tr-T2)(T3-T2)
(T1 - T3) (t2 - T )
t t  
T 3  ......... (5.101)
where t3 " R3tC3t
From Equation (5.99), a unit step change in the energy received 
by the GHFM from the surrounding environment can result in the 
following response in the temperature (bulk) of the cooling 
medium;
TwB(t> 1 + (m/m) R3t
2
*1
<T1 - ^2H t i -  t 3 ) C t 1 -  
T2 i
4
^ V—
/
(t2 • T , ) C t 2 t 3 ) ( t 2
2
T 3
t 4 )
(T3 t 1 ) ( t 3 -  t 2 ) ( t 3  -
~ 2
4
t 4 )
C-?4 ' T 1 ) ( t 4 -  t 2 ) ( t 4  - T 3^
t
"TY
t
T 3
t 1 
^4
(5. 102)
The time lag or time advance to an input signal can be 
obtained by the difference between the time constants of the 
denominator and the numerator of the expression of any given 
transfer function (negative value for time lag and positive 
for time advance). The product of the time constants of the 
denominator divided by those in the numerator can give the 
overall time constant of a given transfer function.
For a spherical shell of outer and inner radii, Rqo and 
Rio respectively (see remarks on Fig. 5.5);
Rfot - , J   (5.103)
4tt R^„ h~00 f o
where h^Q is the radiative heat transfer coefficient (since 
heat transfer was dominated by radiation mode, in the case of 
Fig. 2.3).
hfo was suggested to be evaluated by Benson (1962), such
that;
h- = o e F. . (TV,- + T J  (T2 + T2 ) ........... (5.104)fo ij  ^ MF oo  ^ MF ooJ v
where T^p is the environmental temperature (Fig. 2.3) and
Tqo is the outer surface temperature of the shell. The view
factor F —  may be approximated to unity due to the relatively
small size of the sphere compared with the test furnace size 
of cavity. is the emissivity of the shell, which was very 
close to unity; therefore,
s a (Tmz? + T . OCT* + T2. J  fo MF oo MF oo
The thermal resistance of the shell, RctJ+ , was evaluated by;
o n t
and the thermal capacitance, Cg^., by;
CSHt = PSH CpSH 4^3 77 CR00 ~ Rio^ .............  (5.106)
The thermal resistance between the cooling fluid and the inner
surface of the shell, was obtained from;
Rio*t ■ p21 .   t5-107^
Rio fi
hfi is the heat transfer coefficient between cooling fluid and 
inner surface of the shell.
Rundell et al, (1968) have utilized the energy which was
abosrbed by the cooling water for the evaluation of h ^ ,  such
that;
qw = hfi Aio (TSHi ' Tw B^   (5.108)
where
= energy removed by coolant 
TsHi = inner surface temperature of shell 
T,b = bulk coolant temperature
However, Equations (5.24), (5.109) and (5.110) were used 
equally for the same purpose. The shell was assumed to be 
divided into two parts; the dividing boundary was the thermo­
couples’ position of the receiver surface of the GHFM. Hence 
the thermal capacity of the outer part of the shell was estima­
ted from the geometry of the shell, such that if C-jt, C2t and Ct 
were the outer part, inner part and the total thermal capacities 
as being referred to the receiving surface respectively, then;
By inspection of the results in Tables 5.1a & b (also 
in Table V.1 and Table V.2 of Appendix V), it is obvious that 
the test was carried out for cooling water flowrate within 
the laminar regime. The Reynolds number range was 400 < Re < 
750. All calculations were based on the maximum cross-sect­
ional area of the spherical gap of the GHFM with a zero orien­
tation position. For this work the constants C1 and n1 
shown in Equation (5,1) were found to be as shown in Equation
(5.109) for the range of Reynolds number.
Nu 6 = 57 510-52C (Re) °-2 R o r  0-9229 (Pr)1/3 Re it(R-0 - R ^ )
 ...  (5.109)
Equation (5.10) was reported to have been derived (Cox et al. 
1971) to cover ranges of Reynolds number below 400. However, 
the equation was tested for the range of 350 < Re < 750 and
was found to give values of heat transfer coefficients which
depended on the orientation to a certain degree. For this 
work the equation is expressed in (5.110);
R. - R 0*291325 
Nu{ = 11671 [ (Re)'0'8695 (Pr)1/3D io + oi
io oi J
.......     (5.110)
where St = Nu/(RePr)
Equations (5.109) and (5.110) resulted in an accuracy of 
better than 101 to evaluate the heat transfer coefficient 
between the inner surface of the spherical shell and its 
coolant. This accuracy was based on values of the heat 
transfer coefficients as being calculated by Equation (5.108).
Rio - Roi 
R + R
The orientation of the GHFM about its axial position has shown 
some deviation of the apparent accuracy such that the best accu­
racy was obtained by using Equation (5.110) in a 240 degree 
orientation with a range of Reynolds numbers as 350 <Re < 675,
Fig. 5.6. Moreover, Fig. 5.6 encourages further to investigate 
the accuracy which results from taking the average value of 
heat transfer coefficient as being calculated by Equations (5.109) 
and (5.110) for all orientations and under the same test condi­
tions. The use of Equation (5.110) to evaluate the heat transfer 
coefficient between the inner surface of the shell arid the cooling 
water has shown an accuracy of better than 4% over a range of 
350 <Re <675 for an orientation of the sphere of 240 degrees.
However, it must be borne in mind that the cause of having 
different values of heat transfer coefficients between the inner 
surface of the spherical shell and the cooling water for different 
orientations of the heat flow meter was caused primarily by the 
calibrating furnace as was stated in Chapter 2, in addition to 
the effects of the point of separation and buoyancy (which have 
been ignored) on the value of the Reynolds number. This effect 
has been experimented and photographed by Rundell et al. (1968) 
and .Bozemann et al. (1970). The problem was studied analytically 
by Astill (19 76) and Ramadhyani et al. (19 83). The applications 
of these earlier investigations were based on spherical heat ex­
changers of different design approach to the present work, but 
were referred to, since they are the only pieces of work which 
are of an approximate nature to that of this work.
Test have also shown that the accuracy of both Equations
(5.109) and (5.110) was beyond any acceptable limits for Re <350 
or Re > 750. In the present work all results were based on an 
orientation of zero degree, excluding those results for initial 
tests. (Figs. 5.7 to 5.12 are discussed in Chapter 7).
5.8 The Nature of Thermal Conductivity
Thermal conductivity of matter varies with temperature 
and pressure in manifold manners, For this reason, it was 
felt necessary to point out, in brief, the various literature 
which had dealt with the theories and experimentation of ther­
mal conductivity, from which the uncertainty in the calculations 
involving thermal conductivity could be appreciated. Various 
investigators have dealt with the study of thermal conductivity 
and its variability with temperature and pressure, notably 
Jakob (1946), Kowlaczyk (1955), ASTMNo. 411 (1967) and 
Rohsenow et al. (1983).
Of particular interest is the value of thermal conducti­
vity involved in evaluating the conduction heat transfer by 
the method of conduction shape factor (section 5.5).
Rose et al. (1977) presented the thermal conductivity 
of an alloy material by;
k., = C1 k T + C0 l i e  2
where and C2 are constants which vary according to the
composition of the alloy. Typical values of and C2 are 
given by Rose et al. (1977).
Porosity of matters, PO, may be estimated from;
V - V CWt + Wt )/p - Wt / P<;
P0% = V v Vs 100 = ---  2--- ------ ?--- - 100
(Wts + wtg) / p a
where p, V, Vg and Wt are density, total volume, solid 
volume and weight respectively, 
a, s, and g refer to apparent, solid, and gas 
respectively.
McAdams (1954) gives an empirical correlation to approxi­
mate thermal conductivity of porous matter (particularly wood 
at 30°C), as
k. = 0.0137 + 0.11612 x 10'3 p„
t  cL
p0 (the apparent density) in kg/m .
c l
Kutz (1968) gives the apparent thermal conductivity of 
solids with pores or gas-filled gaps, where radiative heat 
transfer across the gap was included, as;
L
kt =
L /k + [k /L + 4o eT3 ]“1 s' s g' gap gap
where L is total path of heat transfer
Lg is path of heat transfer in solid 
Lgap is path of heat transfer across gap
Pressure affects thermal conductivity of gases according to; 
kt ■ katm + n (P/1000)
7
where P is the pressure, in kg/cm
n is a numerical constant depending on the nature of 
the gas
Pressure effect is less significant with liquid and is 
negligible below 12,000 kg/cm for solids.
The thermal conductivity of the walls of the calibrating 
furnace which was used for this work, has presented a very 
special problem which had to be solved. The composition of the
walls (multi-layers) and the unavailability of information 
about the characteristics of the furnace, dictated the need 
to evaluate the thermal conductivity of the furnace walls by 
experimental procedure. This procedure was repeated until 
the reproducibility of the measurements of the thermal con­
ductivity of the walls was better than ^3%. The results are 
graphically shown in Fig. 2.9, altogether with the correlated 
expression of the thermal conductivity. The correlation was 
needed for computational purposes.
A comparison of the general shape of the graphically 
presented results of the walls’ thermal conductivity (Fig. 2.9) 
with those obtained from a test which was carried out on a 
sample of insulation of 1/4 mil aluminium foils separated by non­
woven, fibrous spacer (ASTM No. 411, 1967) was very good in 
spite of the differences between the two tests.
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FIG.5-1a:RECTANGLES IN PERPENDICULAR PLANES & ONE COMMON EDGE
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FIG.5*1b: VIEW FACTOR FOR FlG.5-1a,(Hottel e t a l . 196 7)
d
FIG. 5^REPRESENTATION OF VIEW FACTOR FROM A SPHERE TO A COAXIAL DISC
\
(b)
FIG.5*3: REPRESENTATION OF VIEW FACTOR FROM A SPHERE TO A COAXIAL CYLINDER
ds
(rect.)
F1G.5-4: REPRESENTATION FOR DERIVATION OF EQUATION 5*70
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FlG-5-5a THERMAL CIRCUIT OF THE GHFM
R1t R?t .•wvwv v W \ W -
Tmf qt %) 4= tTr10
------W W W ----- IA  ^ Ii11o»■"<K WB
FIG-5-5b ANALOGOUS ELECTRIC CIRCUIT OF THE GHFM
REMARKS :•
Ct-[(i ^ o ,/(Ro o - ^ Cu =((RX )/(4 Rfa )]C;
St = Ca 9 C2rCb 9 Rit = Rfo*(Ra/2) + Rs
2t
R2t =Rb
St  ^ St : "thermal capacitances
cj. (i=i 2 &3) : heat flow rates •
R, : thermal resistance between GHFM outer surface and
0 the environment
thermal resistance between shell and thermocouples
: radii of shell, outer, middle and inner, respectoo mo io J 7 .7. r
Too 'TmoJio •Tmf •& TA8 : temperatures in K, respectively for:
- outer surface of GHFM shell
- mid sector of GHFM shell ( = Tclim)
- inner surface of GHFM shell (E^SHi^
- average of environment in furnace * fsT^p) 
" water average (bulk)
1 0.1
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750550 650350 5^0
Re Number
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--------~M: ~ --------
EQN. 5.109 (0 orientation)
EQN. 5.110 (0 orientation)
EQN. 5.109 (120 orientation)
EQN. 5.110 (120 orientation)
EQN. 5.109 (210 orientation;
EQN. 5.110 (290 orientation)
EQN. 5.108 (theoretical HT.TR.COEF.)
Fig. 5.6 TERROR IN HT. TR. COEFFS.(effect oP orientation)
If h = heat transfer coefficient evaluated theoretically by
E q n . (5.108)
h cwa = heat transfer coefficient evaluated by Eqn. (5.109)
cwb = heat transfer coefficient evaluated by Eqn. (5.110)h
t h e n ,
% error
% error-,
a
^cw ^cwa
h cw -Chcwb 
h cw
x 100
x 100
Fig.
If
Then
350 450 550 650 750
Re Number
v EQN. 5.1-09- (orientation. effects avg..)
x EQN. 5.110 (orientation eFFects avg.)
EQNS. 5.109 ft, 5.110 AVERAGED (all)
  EQN. 5.108 (theoretical HT.TR.COEFFS.)
5.7 TERROR IN HT.TR.COEFFS.(avgd. all orientations)
irw = heat transfer coefficient evaluated theoretically by
Eqn. (5.108)
1cwa= h eat transfer coefficient evaluated by Eqn. (5.109)
icwb = heat transfer coefficient evaluated by Eqn. (5.110)
iCWc= heat transfer coefficient evaluated by averaging both
values ofheat transfer coefficients by E q n s .(5.109&5 . 110‘
hew " h cwa h cw - hewb
% error =  v--------  x 100 ; I error, = ------------  x 1(
a h„ir b ,
cw hcw
h cw - h cwc
% error =  r-------  x 100
c cw
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Fig. 5.8 Tmo(t) RESPONSE TO A UNIT STEP INPUT IN MF TEMP<Eqn 5.108)
1. Cooling water flowrate - 40 grams/sec.
2. For MF**TR; if ** = 100 indicates 100% of electric
input power to system
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UNITY STEP INPUT
Fig. 5.9 Qhcw(t) RESPONSE TO A UNIT STEP HT.INPUT TO GHFNCEqn 5.101)
1. Cooling water flow rate ~ 40 grams/sec.
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CHAPTER 6
MODELLING THE EMISSION FROM A FLAME
6.1 Introduction
The fuel/air ratio plays a major part in defining the 
degree of the emission of heat from flames. At only one spe­
cific value of fuel/air ratio (stoichiometric) maximum emission 
occurs. The position of the peak of the emission varies in 
manifold manners with the variations of the factors which in­
fluence the combustion process.
The heat release and its emission is primarily a function 
of the concentrations of species involved in a combustion 
process and their temperatures. Hence knowledge of the concen­
trations and temperatures of species involved are essential in 
order to predict the rate of emission of a flame.
6.2 Techniques for Evaluating Concentrations and Temperature
It is possible to construct mathematical models of flames 
from which very helpful data can be obtained. To achieve this 
end, it was necessary to minimize the almost insurmountable 
problems that were involved in the calculations of flame pro­
perties by imposing a number of simplifying and sometimes in­
valid assumptions..
In general, these models may be grouped in two categories. 
Models which calculate the flame properties by incrementally 
advancing through the flame and calculating physical and che­
mical changes occurring in each increment. This has been 
known as the incremental model. Gaydon et al. (1970) and
Karim et al. (1972) have shown' the steps that were involved 
in the application of this model. It relies on an extensive 
knowledge of the kinetics involved in the combustion process, 
as well .as a large quantity of: physical and thermodynamic 
data. Much of the physical and thermodynamic data has been 
obtained from published works in JANAF's Tables (Stull . 1965) 
and Rose et al. (1977). The kinetic data is not well esta­
blished and was very often based on estimated values.
Once an adequate kinetic scheme and the relevant kinetic 
data for the oxidation of the fuel have been established, the 
performance of a simple combustion process can be predicted 
by incorporating such data in the following physical formula­
tions of the system. Some assumptions were incorporated in 
general as follows;
1. Fuel and air (oxygen) mix instantaneously and completely 
at the entrance to the combustion chamber.
2. The mixture of species was uniform at any point in the 
flame stream and hence no diffusion normal to the flow 
direction.
3. The flow stream was steady, adiabatic and frictionless.
4. Species mixtures obey the ideal gas laws. The formulated 
equations (Smith et al. 1958) were generally,
a. Conservation of momentum
dv _ dP 
p v ' Ix
b. Conservation of energy
d fn + y2 - dHT - 
H3J (Hs —  > '■ "
c. Generation of species
p V
6^ = species creation terms 
i = referred to chemical species involved in the reaction 
r 1 = number of forward and reverse reactions 
s ’ -number of species 
d • conservation of elements
j = referred to chemicallelement involved in the reaction
Flame studies of CH^ oxidation have provided some infor­
mation about its reaction mechanism at high temperatures, which 
helped some investigators in their analytical studies of some 
combustion processes (Enikolopyan 1959, Kozlov 1959, Friston 
1965). However, there are still unsolved problems with some 
of the reactions left to be identified and measured (Friston 
1965) (see Appendix VII). For this type of model, the first 
requirement is a reaction scheme for the proposed system, which 
in itself can introduce considerable difficulties and uncer­
tainty. Furthermore, as the system was assumed adiabatic, the
dx
(mW). Y./(mW)
e -equation of state
p = P(mW)
R T T
f • enthalpy-temperature relation 
s ’
end point of iteration must be. reached at the adiabatic tem­
perature of the system, after which temperature, and there­
fore concentrations, remain constant. In fact, the temperas 
ture should decrease on proceedingfurther downstream, giving 
rise to a corresponding change of the concentrations of all 
the species present. Figures VII-1a,b,c were obtained (Karim 
et al. 1972) and were in fair agreement with experimental re- 
sults of a shock tube investigationfunder■ similar:operating conditions
It was felt that the amount of relevant information which 
could be derived from this type of model would lie far out­
weighed by the enormous quantity of time and effort which 
would be required to develop and run a computer program of this 
size, particularly bearing in mind the shortcomings of the 
results of this type of program. Hence it was decided to in­
vestigate a direct method to model the calculation of equilibrium 
concentrations and temperature.
Several authors (Harker 1967, 1969, Smith 1969, Gaydon 
1970, Gwyther et al. 1970, Miller et al. 1972, Kim 1975) have 
used an overall model which was based on the reasoning that when 
hydrocarbon fuels are burnt with air the product gas mixture 
contains carbon, hydrogen, oxygen and nitrogen. These were all 
assumed to appear as carbon monoxide, carbon dioxide, oxygen, 
hydrogen, water vapour, hydroxyl radicals, hydrogen radicals, 
oxygen radicals and nitric oxide or nitrogen. The calculation 
of the equilibrium composition of flame gases was simplified 
by various authors (Harker 1967, Karim et al, 1972) to minimize 
the complexity of the calculations.; The simplifying assumptions 
that were made were generallyj
1. The flow was steady and one-dimensional along the flame axis.
2. The combustion products were homogeneous throughout the 
flame and of constant composition.
3. The flow was adiabatic and isentropic,
4;. The combustion products-obeyed the ideal gas laws.
5. The flame envelope attained equilibrium conditions.
6. There was always enough air (oxygen) to convert all the 
carbon in the system to, at least, carbon monoxide.
If these conditions are applied, the required calculations 
may be made by the simultaneous solution of linear (mass balance) 
and non-linear (equilibrium) algebraic equations. Where the 
combustion gas mixture contains carbon,hydrogen, oxygen-and 
nitrogen,_the dissociation equilibria to be considered are;
1. co2 $'CO + i02
2. h 2° <-h2 + i02
3. h 2° ~y-t- 1H2 + OH
4. !h 2 ■<-H
5. io2 t 0
6. 2°2 + 1N2 t NO
and therefore, at equilibrium, the following relationships must
where Pgas refers to the partial pressure of a gas, such as 
CO, O2 , etc. in”atmospheres, and are the equilibrium
constants which are a function of the gas temperature.
Letting a = Pqq, b = Pqq2 > etc., the total pressure P is given 
by;
a + b + c + d + e + f + g + h + i + j  = P (usually P -1 atm
in most furnaces) . ............ (6.1)
and hence become;
^  ^      (6.2)
K2 * ^     (6-3)
v f/d a-\
3 = —    (6-43
K4 = ^      (6*5)
K5 = T?................................. ... ..... ... (6.6)
**m i h      C6-7)
by carrying out mass balances. Considering the number of gram- 
atoms of each element:
No. of C atoms = nc = PCQ + P ^  = a + b
No, of H atoms = n^ = 2d + 2e + f + g
No. of 0 atoms = nQ = a + 2b + 2c + e + f + h + i
No. of N atoms = n^ = i + 2j
The ratios of the absolute values of the n o ;gram-atoms of the
elements can be obtained from the composition of the unburnt
air-fuel mixture. Thus letting;
n " n . nM
k f = —  , V = —  , and m* = —
nE nH nH
we- obtain;
- k ^ -• a b «..»»«.»•»»«« (6.8).
i!n^ = a $ 2b + 2c S e + f + h+ i ............ (6.9)
and m'n^j = i + 2j ............  (6.10)
where n^ = 2d + 2e + f + g (6.11)
6.2.1 Solution of the Equilibria Equations_
There are 11 equations (Equations 6.1 to 6.11), and 11 
unknowns (10 species concentrations and the value of n^), which 
must be solved simultaneously. Further equations must be in­
corporated into the equilibrium model in order to calculate the 
species concentrations simultaneously, which eventually can 
be utilized for the adiabatic flame temperature (Gaydon et al. 
1970). The partial solution was made possible by Harker (1967 
and 1969) by obtaining all . the unknown terms in terms of 
(i.e. d) and (i.e. e) and finally developing a relation­
ship giving e as a function of d. d was chosen as the funda­
mental value because;
1•■PH appears in most of the equilibrium relationships.
2
2. Pjj usually has a small value which is reached quickly in 
incremental steps from zero.
Hence from Equation (6.3);
c= si *7.   (6 .1 2 )
d 2
From Equations(6.2) and (6,12); - -
b K 1 d r* 1 ^a = --- *—    . (6.13)
e K2
From Equation (6.4)
f = £. ^5 f6 14)i. I •, * • • • • * • • 4 • \ ^ \ J  9 f  ~  J
From Equation (6.5);
g = K4 /d    (6.15)
From Equations (6 .6 ) and (6.12);
K? K5 e . ...
h = —^       (6.16)
d
Substituting from Equations (6.12), (6.13), (6.14), (6.16) for 
a, c, f and h in Equation (6.9).
Therefore;
i . . Ill* . 2b . 1*1,4 - e - ?-# - K2 K5. 6
H e K- d2 /d d
............ (6.17)
Similarly, substituting for a, c, f, g, h and i in Equation 
C 6 ' 1 ) ;
j = 1 + b +  --- 2. - d - K4 /d - £'nH    (6.18)
d 2
Substituting for f and g in Equation (6,11);
K
7a
e k3 /-
n^ - 2d + 2e + —~rz~ + ^ 4 ^    (6.19)
Substituting for a and n^ in Equation (6,8);
b = k fe K? 
K^d + K2e
2d + 2e + ^-£2 + K, Vd | (6,20)
Vd
By substituting for a, b, c, f, g, h ? i and j from Equations 
(6.13) to (6.2Q) in Equation (6,10), e is obtained in the 
following quadratic function;
K2 K3 
/d
(t1 _ + m 1 +F  K2 (2 l' .+ 2m’ + 1)
+ f e d  (2k' + 2l' + 2in' + 1) + 2K2d (t' + m' + 1)
I-
+ K1 JC3 /d (k* + £' + ra' + 1) + K2 K4 /d (I' + m 1 + 2)
+ K 1 K2 KS -  2 K2
\2 K^d2 (k* + I' + m' + 1) + K1 K4 d /d [k’ + £' + m ’ + 2'
1 dj = 0 .. . .. . .... ....... (6.21)- 2 K.
K„ K.
Putting X = K, (2 I' + 2 m' + 1) + 2_  5 (£.' + m' + 1) k2 k5
/d d
Y = K^d (2k'-+ 2 £' + 1) + 2K2d (£.' + m' + 1)
+ K4 K3 /d (k' + I' + m' + 1)
+ K2 K4 /d (I’ + m' + 2) + K1 K2 K$ - 2K2
Z = 2 K 1 d2 (k* + E.' + m' + 1) + K 1 K4 d /d (k'+£'+m'+2)
- 2 K1 d
Then the value of e must have a positive value, at the equi­
librium state; this value lies between zero and P, the total 
pressure of the system (usually P = 1 atm approximately in a 
combustion furnace). Hence the value of e to be considered, is; 
-Y + /f* - 4 XZ
e = — -----— ...    (6 .2 2 )
2X
\ y , ■
Harker (1967) calculated values of e for varying values
of d, by proceeding through the following steps:
1 . a low value of d (say 0 .0 0 1 ) was assumed initially .
2. using Equation (6.21) to evaluate e, using the known values 
of K 1 to at the temperature concerned, and k* , t1 and m 1 
corresponding to the composition of the initial fuel-air 
mixture, - -  :■ - - -
3. from Equations (6.12) to (6,20) values of a, b, c, f, g, h, 
i and j to be calculated.
4. using Equation (6.7) to evaluate the express ion y f = Kg/j" /c
5. if y !r f i, d is incremented by small values x, and the test
for the relationship of y1 with i is repeated for each x,
until y 1 = i for a certain value of d.
The value of d at which y 1 = i was thus quoted in Harker1s 
programme (1967). The test for the correct value of d was 
considered by;
1 . determination of the ratio y ’/i, when this equalled unity. 
(However, when i = 0, the ratio is infinity and becomes 
misleading".)
2 . calculation of y 1 = i, which is satisfactory, except where
y* = i - 0 (i.e. at cases with very high or low temperatures) 
a case in which the accuracy was very poor, as has been 
reported by Harker (1967) and Smith (1969). These misleading 
factors have been overcome, somehow, by Harker (1967) by 
the addition of a constant to both of y* and i to ensure 
that the ratio y ’/i was always positive.
Later investigations by Harker et al. (1969) in the field
of hydrocarbon-air (oxygen) systems was carried out such that
the dissociation of nitrogen was assumed negligible for the 
range of temperatures below 4500 K. Hence the equilibrium 
constant values were to Kg) (Equations (6.2) to (6.6)) ;
all other expressions were as stated for the case where 
nitrogen dissociation was considered, except that all terms 
of i and j were absent. For this situation, X, Y and Z of 
Equation (6.22) are expressed as;
- ' 2 ■   . . .. . .
X ™ - ( ^ 2 / ^  ^ ...... • - ( b • 2:3)
K? Kr K, (k' +1)
Y = 2k' :+ 1 + — — i ------— .. ............ (6.24)
d /d
Z = (2k' + V  + (k* .+ 1) K. Vd - 1 ............ (6.23)
d ■ -
Using this value of e, and by first obtaining c from Equation 
(6.42), then combining Equations (6.2) and (6.8), values of 
a and b are expressed by; 
k'nH K-
a = ---!—       (6.26)
(K1 + /E)
b = S-JI     (6.27)
K-,
Under those conditions, and for the temperature range of
2500 K to 4000 K, Harker et al. (1969) presented the following
relationships for to K^, which were based on equilibrium 
constant values taken from a wide range of literatures, in 
the temperature range of interest;
log K. = 9.963 - 3.321 x 10-/T   (6.28)
loge K2 = 7,079 ^ -3.056 x lO^/T (6.29)
log Kj = 8,567 - 3,455 x 10“/?   (6.30)
loge 1C4 = 7. 349 ~ 2,752 x 10'*/T .... . . (6.31)
lo8e K5 = 7.945 - 3.045 x 101*/T ..............   (6.32)
where T is the gas temperature in Kelvin.
6.2.2 The Calculation of Flame Temperature
The equilibrium flame temperature may be calculated from 
a knowledge of the composition.of the flame gases. The prin­
ciple approach involves the calculation of the sensible heat 
content of the flame and the heat release by the reaction. The 
flame temperature is that temperature at which these are equal.
Both changes in internal energy and inenthalpy are seen
to result in transfers of energy in the form of heat, the driving 
force for the heat transfer being the difference in temperature. 
In fact, both the internal energy and enthalpy are found to be 
functions of temperature alone for ideal gases. Therefore, 
thermal or sensible energy content can be related directly-to 
the level of temperature obtained in terms of enthalpy, values 
of absolute enthalpy (i.e. enthalpy above standard of'Hg )..
Hence, the rise in sensible enthalpy of material from standard 
29 8.15 K to some temperature, T, is given by;
AHsT = (Hst - hS 298.15^
= (Hs t - HSq) - (Hs 29 8.15 " HS(P
Values of sensible enthalpy for reactants are only needed when 
the initial conditions are non-standard, as in the case of 
preheating.
For complex fuels (natural gas), values of sensible enthalp> 
over the temperature range , AT, may be obtained by means of 
expressions in terms of the temperature changes, molar quanti­
ties and molar heat capacities (Smith 1969), thus ;
i AHgrji = AT < nip • Cp 
where nip = mol of fuel, Cp = mean molar heat capacity at
constant pressure over the temperature range, AT, For mix­
tures of gases, this can be expressed as;
The variation of Cp with temperature can be more accurately 
expressed as;
where A, B and C are constants, their values were computed by
1900 K, 1900 to 2700 K and 2700 to 3500 K), using values of 
heat capacities appearing in the JANAF Tables (Stull 1965).
Thus enthalpy absorbed by one mol of the more complex fuel 
heated from 298.15 K over range, AT, is obtained by integrating 
Equation (6.33);
The values of the coefficients A, B, C and the integration 
constant AH5 29g -jg were quoted from Smith (1969) and are pre­
sented in Table 6.1. The computation of enthalpies using data 
in Table 6,1 and Equation (6.34) were reported (Smith 1969) 
to result in an accuracy of 0,02%, as compared against values 
of the JANAF tables (Stull 1965), in the range of 1100 to 3500 K. 
Smith (1969) utilized the integral of the Van *t Hoff equation 
to obtain an expression for the equilibrium constants K-j to
AHSt = AT E [ (mp)^ (Cp)i ]
Cp = A + BT + CT2 + (6.33)
Smith (1969) for each of three temperature ranges (1 (100 to
Cp dT
298.15
= A AT + B/2 (T2 - 298.152) + C/3 (T3 - 298.153)
Therefore,
AHSt = AHS298r15 + AT + B/2 T2 + C/3 T3 (6.34)
as a function of temperature. The expression was as given in 
Equation (6,35); _
log K = —  + i M i  log T + lElli + (^c) T2_ + I  ................ (6.35)
R'T R' 2R' 6R'
where R* is the gas constant (cal/K mole) , EA, EB and EG are 
the temperature coefficients, which were computed bySmith 
(1969) for the six dissociation reactions of a typical hydro- 
carbon-air combustion, for the three temperature ranges given 
in Table 6.1. J and I are the integration constants.
Table 6.2 was quoted from Smith (1969). The tabulated 
results were reported to be accurate to'within 0.1% of their 
corresponding values of the JANAF Tables (Stull 1965).
Values of Tables 6.1 and 6.2 were implemented in the 
computer program drawn in Appendix III, which was compiled 
(Walters 1983) to evaluate the adiabatic dissociation flame 
temperature and the combustion of stable and free radical species 
at equilibrium for any fuel to air ratio or any range of such 
ratios (Fig. 6.1) within the flame envelope. Smith’s (1969) 
computation was preferred to the procedure adopted by Harker 
(1967) due to the fact that Harker's procedure was reported 
to show some quite significant differences as compared with 
those of the JANAF Tables (Stull 1965).Neither did Harker’s 
procedure include the thermodynamic data as a continuous 
function of temperature, in addition to its weakness in evalua­
ting y'/i when i was zero, and when y ’ = i - 0 as has already 
been stated.
It is obvious that a great advantage can be gained by -
using the overall model over the use of the incremental model,
since comparatively small quantities of kinetic data are 
required, those which are limited to the equilibrium con­
stants K.j to Kg of simple reactions (six in all).
In most of the previous work, the overall method has 
been used to calculate the required composition of a gas 
mixture under conditions where either the flame temperature 
was assumed for varying fuel to air ratio or for a fixed 
fuel/air ratio. It is essential for the present work to 
include the variation of both flame temperatures and fuel 
to air ratio simultaneously and in random manners. Both 
preheat and non-dissociated combustion processes could be - 
investigated by a simple modification to the present programme. 
Smith’s investigation (1971) included the simultaneous - 
variation of both temperature and fuel/air ratio for methane, 
propane and acetylene flames, but has assumed that the nitrogen 
content in the mixture of the reactants was only that of the 
combustion air'. Moreover, natural gas was used in the pre­
sent work as the fuel is complex compared with those gases 
previously implemented in the investigations on combustion 
systems.
The overall model was utilized for the present work for 
both the flame temperature and concentrations of species of 
natural gas combustion. The accuracy was varied to any 
desired kcals.
Table 6.1 Coefficients: A, B, C of Equation (6.33) and
Integration Constant AHS29g ^  of Equation (6.34)
1. Temperature range 1100 to 19Q0 K
Gas A B C A %298 ,15
CO 6. 385 2.030 x 10~3 -4.500 x 10’7 -2.070 X 103
CO 2 9.946 4.040 x 10“3 -9.125 x 10" 7 - 3.6 87- X 1Q3
°2 7 . 392 1.160 x 10'3 -1.750 x 10’7 -2.490 X
103
H2 5.288 2.165 x 1Q~3
-3.625 x 10-7 -1.292 X 103
h 2° 5. 726 4.965 x 10' 3 -8.625 x 10‘7 -1.709 X 103
OH 5.771 1.810 x 10"3 - 2. 7 5 0 • x 10~7 -1.578 X 103
H 4.968 0 0 -1.481 X 103
0 5.068 -9.500 *. 10"5 2.500 x 10'8 -1.477 X 103
NO 6.726 1.855 x 1Q~3 -4.250 x 10'7 -2.202 X 103
N2 6.095 2.240 x 10" 3 -5.000 x 10"7 -1 .921 X 103
2. Temperatur p range 1900 to 2700 K
CO 7.485 8.400 X 10'4 -1.250 x 10"7 -2.755 X 103
n o ro 1.218x101 1.600 x 10“3 -2.375 x 10'7 -5.071 X 103
°2 7.869 6.050 x
10-4 -1.250 x 10'8 -2.766 X 103
H2 5. 806 1 . 545 x 10-3 -1.750 x 10'7 -1.585 X 103
h 2° 7.197 3.485 x 10“3 -4.875 x 10'7 -2.691. X 103
OH 6.198 1.420 x 10"3 -1.875 x 10‘7 -1.887 X 103
H 4.968 0 . 0 -1.481 X 103
0 5.078 -1 . 000 X 10"4 2.500 x 10'8 -1.487 X 103
NO 7.730 7.4Q0 x 1Q.4 -1.125 x 10 ~ 7 -2.811 X 103
N 2 7.231 9,850 x 1 0 -1,500 x 10 " 7 -2.613 X 103
cont’d.
3. Temperature range 2700 to 3500 K
Gas A B C iHS298.15
CO 7.980 4.550 x 10''' -5.000 x 10'8 -3.180 x 10®
C02 1.317x101 8.300 x 10“* -8.750 x "1 O'8 -5.922 x 103
°2 7.368 9.900 x 10~** -8.750 x 10'® -2.326 x 103
H2 7.34S 5.050 x 10'“ 0 -3.098 x 10®
H2° 9,201 2.005 x 10'3 -2.125 x 10'7 -4.512 x 103
OH 6.830 9.500 x IQ'1 -1.000 x 10'7 -2.454 x 103
H 4.968 0 0 -1.481 x 103
0 5.289 -2.450 x 10*“ 5.000 x 10‘® -1.692 x -103
NO 8.100 4.350 x 10"“ -5.000 x 10-® -3.108 x 103
N2 7.910 4.650 x 10'“ -5;000 x 10'® -3.208 x 103
Table 6.2 eA, EB, EC, J and I of Equation (6.35) 
1. Temperature range 1100 to 1900 K
Reaction EA EB EC J I
1 1.350x10'1 r 1: 4 30x10"3 3.750x10-7 6 . 801 x1 O4 1.055x10
2 3.258 -2. 220x1 O'3 4.125x10"7 5.69 7x10^ -5.300
3 2.689 - 2 .072x10"3 4.063x10-7 6.672X104 -1.327
4 2.324 -1 .082x10"3 1.812x 10"7 5.127x10"* -1.933
5 1 . 372 -6.750x10^ 1.125x10-7 5 .933x104 2.664
6 -1.750x10^ 2 1 . 550x1Q-“ 8.750x10"® 2. 158x10** 1 .536
2. Temperature range 1900 to 2'700 K
1 -7.605x10'1-4. 5 75x1 O'1* , 1 ,062x10'7 6 T 85 7x104 •i.^ixio1
2 2, 544 -1,638x1Q"3 3, Q62x1 O'7 5 . 7 5 2.x 10 * -2.686
3 1 .904 -1,293x1 O'3 2.125x10-7 6.724x10** 1 .480
cont'd.
-•
Reaction EA IB IC I J
4. 2.065 -7, 725x10'“ 8.750x1 O'8 5.141x10“ -1 .029
5 1.144 -4.Q25x10~“ 3.125x10"8 5.945x10“ 3.461
6 1.800X10'1 .-5, 500x10"5 -3.125x1 O'8 2.146x10“ 8:366x10-
3. Temperature raiige 2700 to 2 cn O O
1 -1.506 1 .200x-10'“ -6.250x1 O'9 6 . 922x10** 1.647x101
2 1.828 -1 .005x10*3 1.687x1 O'7 5. 80 5x10** -8.975x10"'
3 1 .302 -8.025x10'“ 1.125x10'7 6. 774x10** 3.69 7
4 1 .296 -2.525x10'“ - . ' 0 • 5.217x10** 1.873
5 1.605 -7.400x10'“ 9. 375x1 0'8 5.903x10** 1.737
6 4.610X10'1 -2.925x10'“ 1 . 875x1 O'8 2.124x10** 1.913x10"
where aHs in cal/mole, R' in cal/K mole
Gaydon et al. (1970) has outlined the method for occasional 
calculation of flame composition, which was basically a trial 
and error procedure where e and b/a were first assumed and all 
other partial pressures were calculated. At the end of the cal­
culation, values of e and b/a which were obtained were compared 
with the assumed values. These were then varied in turn until 
a situation was reached in which the total pressure became that 
of the system (usually 1 atm). The method involves a considera­
ble amount of graphical work and can be very time consuming.
For calculating the flame temperature at equilibrium,
Gaydon et al. (1970) have dealt with it at some length, though
the salient features are;
the sensible heat content is given by;
Hg = (Npj/n^) Z hj, x^ kcal/mole fuel ......... (6.36)
where the ratio allows for the change in the total
number of moles present as a result of the reaction, and h^ is 
the heat content of component i. x^ is the mol-fraction of 
the i species.
The heat which is released in the flame and which balances 
the sensible heat at the equilibrium flame temperature is given 
by;
H & = (Npj/n^) [  Z x^ 3 - H£ kcal/mole fuel . . .. (6.37)
where is the heat of formation of the reaction products, 
heat of combustion of the fuel. Equation (6.37) includes 
the endothermic heat of formation of unstable species, such 
as 0, H, OH and NO which means that for an increase in the 
temperature, Ha decreases to a negative value. The other heat 
of formation is that of the stable products, such as CC^, CO 
and H^O.
More techniques to establish some continuous functions 
for determination of the values of equilibrium constants to 
of a hydrocarbon flame are given in Appendix VIII.
6.3 Estimation of the Furnace Performance
The object here is to set up some means to assess the 
industrial performance of the gross heat flow meter (GHFM) for 
changes in heat flows for varying ratio of fuel/air within the 
operating conditions of the furnace. In general, the procedure 
to be consistent with the assumption of a single-gas-zone sys­
tem, a single refractory equilibrium state and basic expressions
for the exchange areas within the system which have signifi­
cant influence on the overall model. However, the prediction 
could take several levels of sophistication, but only the 
very basic would be within the scope of this study.
6.3.1 Formulation of the Heat Transfer Equations
Although parts of the following development have appeared 
in Section 3.1, repetition of some is necessary. The furnace 
system was considered as a well-stirred, single zone with 
homogeneous gaseous medium of uniform temperature, T .  The
o
contributing factors to heat loss include;
(a) radiative exchange with the sink at T^
(b) convection with the sink
(c) convection with refractory walls and hence loss through them
(d) loss via openings.
The strict evaluation of the rate of the heat transfer from 
the combustion products to the bounding surfaces of a furnace 
is complex, but the simplest of the situations is considered 
to be that where the entire bounding surface is treated as a 
single zone. Hence the rate of heat transfer to such a surface 
may be obtained from;
Q., = A 1 h 1 (Tg - T ^  + aGS\, fT g4 - T ^  )    (6.38)
heat transfer
to surface 1 = convection: + radiation
The difference in enthalpy between the air and gas enter­
ing the furnace and that of the combustion products leaving, is 
the heat gained by the surface. An overall heat balance would 
he;
Heat transfer 
to surface 1 =
Q, =
Heat in Heat out
(no wall loss is involved)
where M = m + m assuming steady-state situation,
g a
The heat content of the combustion products could be expressed 
in terms of their temperature, provided that radiative exchange 
areas and convective heat transfer coefficients can be evaluated 
and the gas rate and surface temperature are specified. Equations 
(6.38) and (6,39) may be solved to find the combustion products 
temperature and heat transfer rate to the surface.
Furnaces usually consist of two surfaces, one of these is 
the refractory material and the combustion products are usually 
contained between these two surfaces. The heat transfer in a 
well-stirred furnace to the two surfaces may be given by the 
following two equations;
A perfectly stirred chamber, where the back-end gas tem­
perature is the same as that of the products within the com­
bustion chamber, is always aimed for but is still beyond indus­
trial realization. Usually, there exists a difference between 
the assumed uniform combustion products temperature and that 
reaching the back-end. The back-end combustion products tern-
Q, = A 1 h 1 (Tg - T p  + aGS1 CTg - T*1 ) + (Tf - T ^ )
Ql + Q2 + Heat loss through furnace walls = Q~
perature is lower by A. If C„ is the mean heat capacity of
P > 6
the gas, and Hp is its rated enthalpy input in fuel-air and 
recirculated gas, then an energy balance on the gas would give;
Qg = %  ' C(Tg - ' Tb ] ft'Cp,g ■   C6.42)
If an adiabatic psuedo-flame temperature, Tp, was to be 
used to express the value Hp, then;
H
F ' V  -(Tp - T O  = ■. _F ........------(6.43).
M C p,g
bearing in mind that Tp is higher than the actual adiabatic 
temperature of the flame, if variation with temperature and 
dissociation were ignored (Hottel 1974). Then an energy balance 
would become as;
Hf - QG C(T - A) - V
Hp Tp - Tb
(6.44)
For calculation of heat transmission in combustion chambers, 
Hottel (1961) has stated, for engineering use, that the outlet 
temperature from a combustion chamber can be determined by sub­
tracting A from the mean gas temperature, an isothermal gas 
being presupposed. In the combustion of CH^ (McAdams 1954), A 
was taken to be 170°C approximately, while a better procedure 
for A was reported to be accurate (Davis et al. 1969). A was 
calculated from the relationship;
a ■ gs ~ CTp :-2Z 3.,i5) .............. (6>45)
4 Hc r
6.3.2 Convective Heat Transfer
Convective heat transfer is approximated comparatively 
in conventional furnaces. However, in modern furnaces, inclu­
ding recuperative plants, convective heat transfer becomes 
of significant value and must be considered in the prediction 
of heat transfer. Hottel (1974) based his prediction to eva­
luate heat transfer in furnaces on considering the walls to be 
in a state of equilibrium and taking the gas to wall convection 
to be approximately equal to the heat loss through the walls. 
However, the inside flux is slightly higher than the heat 
conducted through the walls, but the error would be so small 
that without this assumption more unknowns would be involved, 
which would necessitate further complex work in order to gain 
very slight improvement and possibly more errors could become 
involved. Hence, the assumption was considered to be justified, 
for the present work.
Hadvig (1970b) has determined the heat transfer coefficient,
hm , between gases and the walls of a cylindrical enclosure by
taking Nu_ = i Nu where Nu, and Nu are the mean Nusselt ° m D °° m oo
number, and the Nusselt number for an infinitely long tube, 
and thus;
Num = (L/D) 0.023 Re*8 Pr#lf   (6.46)
where L/D is the ratio of the length to the diameter of the 
cylinder (L/D = 2 in this work). Re and Pr are Reynolds and 
Prandtl numbers respectively. Hadvig (1970b) reported an excel­
lent agreement with previous workers; he evaluated the enclosed 
gas mixture properties at T when the system was in steady-
o
state operation.
Wu (1969) has approached a similar situation to that of 
Hadvig (1970b) but with natural gas (81,30% by volume of CH^) , 
and thus evaluated the various properties of the gas mixture 
including its emissivity. The reported properties from Wu’s
work (1969) for 4% excess air at 10QQ°C gave a good relative 
agreement with those tabulated in Rose et al. (1977).
In this section, the“combustion was assumed to be fully 
completed and no further reaction to take place; hence the 
terms involving the reaction steps of combustion of the fuel 
-(Appendix VII) have beenomitted from the heat balance equa­
tions of this section. Under such an assumption, it is possi­
ble to consider that the properties of the combustion products 
as approximate to their corresponding values of the gaseous 
mixture at the back-end of the furnace (flue gas).
Properties of the flue gas (Rose et al. 1977) were curve- 
fitted and polynomial expressions for them were obtained 
(Appendix VI ). These properties were compared with their 
corresponding values which were obtained by Wu (1969) and there
appeared to be a 4% reduction in C , p , v„, and Pr CT ,
P J o >5 6 >8
while a 4% increase in the value of k - was obtained by Wu.gas 3
Wu (1969) carried out his investigation on a system having 4% 
excess air, while Rose’s data (1977) were based on stoichio­
metric situation. It was believed that those variations were 
caused by the conditions under which both lots of data were 
based.
However, the properties of the products of a hydrocarbon 
combustion may be calculated according to a technique which 
was outlined by Brinkley (1951); this is suitable for higher 
accuracy for more specialised works.
The Reynolds number estimation in furnaces was based on 
the velocity within the cylindrical furnace (present work), 
with a characteristic diameter of half the actual recuperation
and recirculation effects, D/2 = 0.381 m;
M W 2 ) ^Re, = --------  v ....... ..... (6.47)
g h  . . ■
6.3.3 Radiative Interchange
Knowledge of radiative interchanges in furnace enclosures 
are necessary in the prediction of heat transfer in furnaces. 
Normally, combustion of natural gas produces non-luminous 
flames. The nature of non Vi luminosity is contributed by the 
presence of water vapour and carbon dioxide; these species 
radiate in specified bands of the spectrum (Tien 1968). However, 
other species’ contributions are relatively insignificant 
(Fig. 6.1). Luminosity is due to particles.
The emissive characteristics are complex, but have been 
represented fairly accurately by assuming that the combustion 
products consist of a mixture of one or more grey gases plus 
a clear gas (Fristrom et al. 1965, Hottel 1974, Gaydon et al. 
1974). The surfaces involved can be taken as grey bodies. For 
a single surface well-stirred furnace, the radiant interchange 
between the gas and the surface was presented in Equation (3.8) 
for the assumed grey system.
The evaluation of heat transfer in furnaces with two 
surfaces involve six direct flux areas, but in many applications 
involving only one surface (Davis 1971, Hottel 1974), the net 
radiation from the combustion products to the surface can be 
expressed as;
Qr n e t  = GSi ® Tg1* - ^  <7 ................ (6.48)
where the arrows indicate direction of flux, and;
where
a (6.51)
and
a (6.52)
Lm is the mean beam length for radiation, which is for many 
furnace shapes approximated as equal to 3.5 to 4 times the 
free volume divided by the heated surface. £ T e 9T , 
etc. are to indicate the quantities to be evaluated at Lm , 
2Lm .... respectively. In such a situation the term 
GS.j a Tg4 >>GS.j a T-j4, and thus GS^, the direct exchange area 
can be assumed to replace GS-j, without appreciable error 
(Davis et al. 1971). Furthermore, the water load (Fig. 3.3) 
added another complexity. This complexity was overcome by 
assuming a speckled system, although the present work was 
carried out on a furnace in which one of the surfaces cannot 
see itself and hence the view factor F ^  = 0, thus F ^  = 
and F2 1 = A-j/A2 , for which the speckledness factor of unity 
may not be assumed. Hence the following equations would be 
applicable (Davis et al. 1971).
where
f" = [1 - e23 [1 - (1 (1 - e2) ... (6.56;
e
1 - s.a (6.57)
Emissivities were evaluated at their appropriate gas or surface 
temperature.
6,3.4 Emissivity Variation
Gas emissivity of various combustion gases has been presented
by Hottel et al. (1967), Gaydon et al . : (.1970) Rose et al. (1977),
where e .T is given as a function of (Prn + Pu n)T and the 
g g & C02 H 2° Lm
ratio between water vapour and carbon dioxide partial pressures
is equal 1 (liquid fuel) and 2 (gaseous fuel). Hadvig (1970a)
was able to utilize Hottel's charts and concluded that the gas
absorptivity can be replaced by the gas emissivity evaluated
at the surface temperature, when (T /T ) >1.10, without appre-.
S s
to compound gas emission from combustion products. However, 
if the analysis of fuel is known, and the combustion air con­
tains x kgm of water vapour per kgm of dry air, then (Hadvig 
1970a) at 1 atm.
where H, W, C, S and 0 are the mass fractions of hydrogen, 
water, carbon, sulphur and oxygen in the fuel, respectively. 
X is the ratio between the weight of dry air used for the
ciable error (i.e. <4%). Knowledge of (PH ryPrn ) essential
H 2° C 0 2
» - (9H + W) + 7.65
3
1 + I (H + ) \ x ... (6.58)
C 8 J
combustion and the weight of dry air which stoichiometrically 
is necessary for complete combustion of the same quantity of 
fuel.
For natural gas, which predominantly contains methane, 
Equation (6.5 8) for methane becomes,
Ppj o
— —  = 2 + 15.30 Xx ............. . (6.59)
PC0
PH20
and hence for natural gas when x = 0, =---- becomes slightly
C02
less than 2, depending on the percentage of ethane and propane 
in its composition.
Hottel's charts for emissivity were based on the expression 
of Equation (6.60) at 1 atm.
eg = eC02 CC02 + eH20 CH 20 ' aETg  ......... (6.60)
where C is pressure correction to gas emissivity and Ae
o
is correction to gas emission for spectral overlap.
Hadvig (19 70a) found that it was possible to express and 
hence evaluate e_ for a wide temperature range. These expres-
o
sions can be utilized in computer programming. His approach
PH?0
was based on drawing curves of for values of -r— ■— = 1 and * 2
g PC02
in a coordinate system with linear axes for e and T respectively
g g
These curves for P^o^.I^ equal to a constant, become almost 
straight lines. Hence, within a definite temperature interval, 
eg could be represented by the equation for a straight line, 
of the form;
T
eg = y 1 * y T ' • •     * (6 -61)o
where y^ and y were positive dimensionless constants, and
Tq was taken as 1 K to form the basis temperature. Then he
introduced;
yi T
z = —  and 0 =     (6.62)Ty o
Thus,
eg = y (z - 6)   (6.63)
For y = a function of [ (Pco + pH20)‘Lm-' a ran8e °f 1800 £ z £ 
7000, and values from charts of tg, 0 > q anc^
was able to obtain a relationship as follows:
y = aQ + a^ r + a2r2 + a^r3 + ................... (6.64)
where aQ , a^ etc. are constants, given in Tables 6.3, and 
r = (pC02 + pH2cP 'Lm"
The graphical representation of y vs. r is given in Fig. 
(6.2) for selected values of z, which covers the range of 
interest for natural gas combustion. Figure 6.3 shows a range 
of accuracy of the results in ofbetter than 4%. Table 6.4 
shows error of e better than 6.1. These errors are positive and
o
the maximum limit of either the 4% or 6% did occur at only one 
or two extreme values of temperature and PCO2 * ^m*
Figure 6.2a is for z = 2150 and was suitable (in the present 
work) to calculate £g for a range of 0.0028 £ ^C02 + ^ 2 ^  ^m 
0.02; and Figure 6.2c for z - 2700 was used to calculate e
o
for the range of 0.0 2 £ (PCO2 + ^ 2 ^  Lm  ^ 9 W3-t 1^ maximum
error of 0.4% and 1,8% respectively.
Net rate of radiation between an isothermal gas volume 
with a defined mean beam length and a black-body surface T ,■ 
is proportional to;
e T 4 ~ 01 1J*
g g gs s
(6.6 5)
o^ s was evaluated by Hottel (McAdams 1954) such that;
ags eC0.
g •65
CC02 + £H20 It rscH20 ’  ^0(Ts) •• • (6 ‘6
where
T , s * PC07 • Lm
T i s
T2 g
T— ( T -
Ts 9 ph 2o ' Lm
s
T~
g
CCL = Func.
H-O = Func.
and A ^  ”Ae(T ) (i*e * evaluated at Tg) .
But as was stated already: if (Tg/Ts) > 1.10, it is possi2 
ble to obtain the radiative heat transfer by using;
ags = £g(Ts) 
or to a less accuracy
(6.67)
a = e 
gs g (6 . 68)
This is due to the fact that if T i s  very much higher than
o may be evaluated by Equations (6.67) and (6.68) with small 
gs
error compared to a value obtained from Equation (6.66). This
gs
has been shown by Hadvig (1970a) by calculating the radiative 
transfer from the following relationship;
eg V  " “gs V  = y 1 z ( V -  V >  ‘ t CV '  V i 3 C6,69)
The error involved is shown in Table 6.5, The errors were 
based on the expressions;
X 1 - X0
k0
. 100%
and
X 2 - X 0
100
Lo
where
X0 " “gs
X 1 = a1 gs
X 0 = a2 gs
X =
g
calculated from Equation (6.66)
calculated from Equation (6.67)
calculated from Equation (6.68) 
T H
gs
(6.70)
Calculations were performed (Hadvig 1970a) for;
H^O
*co„
= 1 and 2
0.01 < (Pco . L J  <0.4m*
1.10 < (T/T ) < 2.0v g sJ
When a grey gas was assumed, the errors involved were much more 
appreciable, as shown in Table 6.6. The radiative transfer was 
evaluated by using the procedure which was outlined above, for 
the range;
1.10 < (T /T ) < 1.5K g* sJ ■
However, for a grey gas assumption, Equation (6.69) reduces to:
e T 4 - a T 4 = e (T 4 - T 4 )g g gs S g  ^ g s J
= y [z - (T /T ) ] (T 4 - T 4 ) g sJ v g s J (6.71)
In general, attempts to predict emissivities on a theore­
tical basis have not met with significant success, As a con- 
sequence? it is still necessary to determine emissivities by 
measurement. Godridge et al. (1966) predicted the total emissi­
vity values for large residual fuel oil flames where the carbon
v n a c ±un ut u i ligll/ X I  LI C W  JL LII cLXl SCCUTSCy
of better than 5%. The technique was based on the optical pyro­
meter and total radiation method. Godridge et al.(1968) extended 
this technique to investigate the flame emissivity of natural gas 
in a free jet large boiler, and found that an average emissivity 
of 0.60 resulted from a range of 0.55 < < 0.75. This value
was reported to have included the non-luminous contribution from 
CO2 and H^O vapour. However, Godridge (1968) reported that the
value of e =0.6 was slightly higher than that of a natural gas 
S
corner fired furnace of 0.57 to 0.59 at excess air values between 
2% and 10%.
The first stage to disclose the technical and economical as­
pects of North Sea natural gas (Stern et al. 1968) was followed 
by the second stage in which Matthews (1970) investigated the 
parameters which govern the radiation performance and stability 
of natural gas for various burner designs. A total radiation 
pyrometer and an optical pyrometer was used to calculate the 
luminous emissivity of the flame and its radiant temperature.
The non-luminous contribution was corrected by
log6e
1 -
1 " ^L-
l°ge d  - eL)
It
£ rji
0-t+875
where e^, and are total, non-luminous and luminous emissi
vity of natural gas respectively. The value of the non-luminous
emissivity was based on Godridge’s (1968) work and was estimated 
to be = 0.4.
Since an emissivity value of natural gas, such as that of 
0.6 which was investigated by Godridge (1968), can be used ade­
quately for the present work to check the performance of the GHFM 
it was felt that Hadvig (1970a) procedure which relies on a theo­
retical basis is useful for continuous function of emissivity for 
computer programming.
6.3.5 Heat Losses from Furnace Shell
Some improvement would be obtained if the effect of the 
heat losses through the furnace shell to the surroundings 
could be included to assess the non-adiabatic nature of the 
flame under such a condition. As the flame was assumed to be 
a homogenous source of uniform temperature, in reality the 
temperature of the gaseous mixture at the periphery of the 
flame is much lower than that of the flame’s central region, 
and the latter, in turn, is lower than the adiabatic flame 
temperature (average values of temperatures were considered) 
due to the loss of heat to outside the furnace enclosure.
Thus the improvement in the value of the furnace’s gaseous 
medium temperature, T , can be achieved by deducing these
o
losses from the theoretically available heat in the furnace 
and hence, calculating the new value of the average flame 
temperature which would be used to evaluate the properties of 
the gaseous mixture and hence the heat transfer.
Gaydon et al. (1970) and Smith (1971) have shown a shift 
in the position of the peak of emission when heat losses from 
a furnace were included in the heat balance calculation of a 
combustion process. This phenomenon is of significant import 
ance in the control of combustion process which utilizes the 
peak emission in the flame (Nightingale 1959, Marson et al. 
1963, Maybach 1963).
Heat is lost from the shell mainly by convection and by 
radiation. The calculations were based on published relation 
ships from which the required heat transfer coefficient and 
emissivity of the shell were evaluated.
(a) Convective loss
The correlations which were presented in Section 5.3.3 
could be used to estimate the heat transfer coefficients of 
the furnace ends, and its cylindrical shell respectively. 
However, the following simplified relationships for free 
convection from vertical disc and from horizontal cylinder 
could be used to approximate the heat transfer coefficients 
to air at atmospheric pressure;
0£5
h ( . = 1.42c(vertical disc)
AT
0.9D
(6.72)
for 104 < Gr£ Pr^ < 109
= 0.95 (AT) 0*33   (6 . 73)
for Gr£ Pr£ > 109
hc(horizontal cylinder) = 1 . 32  ^ ^[AT
.25
(6.74)
for 104 < Gr£ Pr£ < TO9
= 1.24 (AT)'33   (6.75)
for Gr£ Pr£ > 109
where hc is heat transfer coefficient, W/m2°C
AT is (T - T )v w 00
D is diameter (m)
The convective loss to the surroundings, Q , was evaluated 
simply from;
Qc = 1 hc Ao (Tw • TJ    (6 -76)
where AQ is outersurface area, and Tw is wall temperature.
Air properties under atmospheric pressure were evaluated 
at the average temperature given by;
T + T w c in Kelvin
2
Properties of air were tabulated in Holman (1976) for a wide 
range of temperature.
Convective heat loss was estimated as based on air proper 
ties which were expressed in polynomial forms in terms of the 
film tempertaure (see Appendix VI'and Report No. FT-RH-91).
For situations where the pressure is not of 1 atm, the 
correcting factor is simply (Holman 1976);
n1
 ^ 101.32 
where P = pressure
n" = a constant
= 1/2 for laminar cases
= 2/3 for turbulent cases
This situation was not applicable for the present work where P
was atmospheric.
(b) Radiative Heat Loss from Furnace Shell
The radiative heat loss from the shell of the furnace to
the surrounding may be expressed as;
Qr = 0e Ao (V ‘ t ) .............  C6.77)
a  = Stefan-Boltzmann constant
The emissivity e of a dust coated steel shell was approximated 
(Moles et al. 1975) from the relationship;
eT; = 0.96 - 5.2 x 10- (T - 373) ..............  (6 . 78)w w
From Equations (6.77) and (6.78) the radiative heat loss was 
estimated.
(c) Total Heat Loss from Furnace Shell
Since the average skin temperature of the shell was 
measured by a large number of thermocouples (15 in all), for 
each equilibrium operating state of a specified fuel/air ratio, 
it was not essential to integrate the measurements of tempe­
ratures for obtaining the heat loss distribution, bearing in 
mind that the system was assumed homogeneous.
The total loss, hence was obtained as the sum of Qc and 
Qr as expressed in (a) and (b) above, respectively.
6.3.6 Alternative Technique to Estimate Heat Loss from 
Furnace Walls
Although it was possible to estimate the heat loss from 
the housing of the muffle furnace (calibrating furnace) to 
the surroundings by using the technique described in Section 
5.9, some difficulties were experienced in the application of 
the shape factor approach to calculate the amount of heat 
which was lost to the surroundings of the gas-fired furnace. 
This was due to the large thermal mass of the gas-fired furna­
ce system in which it was almost impossible to define a case 
in which a true steady-state condition was reached. However, 
an attempt was made in spite of the fact that the application 
of this technique requires a true steady-state situation for 
an accurate outcome.
No reliable data were available for the gas-fired furnace 
for this particular need, although some data of the composition 
of the layers of the furnace walls were scattered in some of 
the literature (ASTM No, 411 1967, Holman 1976, Rose et al. 
1977), but their reliability was uncertain for application in 
the present situation where the apparent thermal conductivity 
of the walls (lumped) was needed.
Direct measurements of some data resulted in a thermal 
conductivity of the walls of the gas-fired furnace (Fig. 6.4).
Table 6.3 Coefficients of polynomial approximation of y.
4% and 6% limits
2 p\ 1,0PC0,
Effor
<,
% r ml* f ra»*
Error in 
approx. 
< . % a "1 0, "1 0, "1 <>• Ol
1 4 0-003 0-020 0-7 2-797.10“ 7-356.10** - S-683.IO-' 3-289.10' - 9-8S6.I0' 1-131.10*2 4 0-003 0-030 0-4 3-006.10“ 5-825.10-* - 2-527.10-' 8-483 - 1-302.10' 1-055.10' ... —
ajjo 1 4 0-003 0-090 2-5 3-044-J0_* 4-387.I0-* - 9-832.10-' - I -840 1-823.10' - 4-286.10* 4-230.10' - 1-544.10'2 4 0010 0-090 0-3 1-643.10-* 2-653.10“ - 2-901.10-* 2-181.10-' - 8-7J4.10-' 1-215
1 4 0-016 0-70 1-6 1-812.IO-‘ 1-635.10-' - 1-387.10*' 7-442.10-' - 2-211.10*' 3-395.10-' - 3-001.10“ 1-005.10*'2 4 0-016 0-70 1-8 2-645.10-* 1-355.10“ -•8-061.10-' 3-362.10-' - 8-332.10-' 1-176.10-' - 8-755.10-' 2-670.10-'1 6 0-016 0-70 0-7 1-613.10-* 1-695.10*' - I-463.IO-' 7-948.10- - 2-377.10-' 3-881.10-' -• 3-246.10-' 1-0K9.10*'2 6 0-016 0-70 1-7 2-668.10“ 1-236.10“ - 5-676.10-' 1-746.10-' • 3 011.10 • 2-671.10 ' - 9-291.10 »
3000 1 4 0-200 1-00 1-0 6-097.10“ 3-379.I0*‘ - .5-418.10-' 7-248.10 • - 5-.124.10-' 1-493.10 • _2 4 0-180 1-00 0-3 3-296.10-* 4-594.IO-‘ - 7-649.10-' 8-5X2.IO-* - 5-340.10 • 1-348.10“ — —
Table 6.4 Temperature and Pc02*Lm ranges for error of 
less than 6%, (z = 2700).
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Table 6.5 The lower limits for Tg/Ts when the maximum error 
in the radiation transfer is 4%.
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Table 6.6 Maximum error in radiation transfer - Grey gas 
assumption.
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CHAPTER 7
DISCUSSION
7 .1 Introduction
The prime aim of this chapter is to review and discuss 
the relationship and the interconnection between the results 
presented in the body of this thesis.
7.2 Initial Test Results
The performance of the gross heat flow meter for various 
levels of thermal stresses in an electrically heated furnace 
(Fig. 2.3) has been discussed in Chapter 2 initially. For the 
transient operations, individual thermocouples of the receiving 
surface of the GHFM displayed different readings regardless of 
the orientation of the GHFM (relative to its axial position). 
This situation was not unexpected,as there existed some difference 
in the emissions between the inner surfaces of the walls of the 
electric furnace. The difference in the emissions of those 
walls was evident from the levels of their respective tempe­
ratures .
For the initial test conditions, it was found that a 
minimum cooling water flow rate of 6 grams/sec. was necessary 
to prevent a phase change in the cooling water of the GHFM.
For an arbitrary chosen orientation of zero degree of the 
GHFM, the thermocouple T1 gave the highest reading, and T2 
the lowest, while others lay in a band bounded by T1 and T2.
T1 was higher than T2 by a maximum of 8.7°C for an environment 
temperature of 700°C (Fig. II.1 Appendix II - see Section A
of Report No. FT-RH-91 ). Similar tests for orientations 
of 120 degrees and 240 degrees displayed the highest observed 
difference in thermocouple readings to be AT = T4 - T6 (Fig.
II.2 of Section A of Report No. FT-RH-91) and AT = T3 - T5 
(Fig. II.3 of Section A of Report No. FT-RH-91).
The test was repeated for cooling water flow rates of 
up to 37.7 grams/sec. By studying the positions of each of 
the individual thermocouple readings, it is obvious that the 
variation of the cooling water flow rate for the same orien­
tation and test conditions has caused the thermocouple readings 
to overlap (excluding the two extreme readings).
Since the positions of the thermocouples over the 
spherical shell were fixed relative to the environment, the 
only reasonable explanation for the occurrence of the overlap 
was due to the effect of the position at which the point of 
separation occurred for each of the cooling water flow rates, 
and since the position of each of the thermocouples is dis­
placed to the inlet point of the cooling water by a geome­
trically fixed distance, Bozemanrs(1 970) observation and con­
clusion in connection with the occurrence of the point of 
separation as being relative with time in spherical heat 
exchanger was observed in the present test.
The reading of a thermocouple rises if there occurs a 
point of separation adjacent to its position within a sphe­
rical heat exchanger. This phenomenon is due to the fact 
that the heat transfer coefficient at the point of separation 
is reduced, thus giving rise to the temperature at that posi­
tion for which the adjacent receiving surface thermocouple
reading will increase due to the accumulation of thermal 
energy within that portion of the spherical shell, a natural 
cause which may be minimized by using a spherical shell 
material of high conductivity. The phenomenon of buoyancy 
may have some influence on the magnitudes of the individual 
thermocouple readings, but it was not realized fully in this 
work.
The variation in the cooling water flow rates has demon­
strated its usefulness to control the magnitude of the max­
imum difference in the readings of the receiving surface 
thermocouples to the desired value which may produce a sui­
table homogeneous thermocouple reading for monitoring and 
control purposes. Added to this is its major use as a heat 
absorbing technique to enable the use of the GHFM for its 
intended purpose in furnaces. The results are graphically 
presented in Appendix II (Figs. II.1-12, section A of Report 
No.FT-RH-91 ) , and typically in Fig. 2.4.
Typical steady-state test results for varying cooling 
water flow rates are shown in Figs. 2.5 and 2.6. The effect 
of the point of separation is clearly seen from these figures 
by the overlapping of the readings of the individual surface 
thermocouples. The initial differences between the thermo­
couple readings were mainly caused by the differences in the 
emissions from the electric furnace walls;as the cooling 
water flow rate was increased, its damping effect minimized 
the temperature differential of the individual thermocouples, 
which was initially caused by the differences in the emissions 
of the walls, added to the effect of the point of separation.
The average of the receiving surface was compared with 
those excluding T3, a maximum deviation of 4.2% with advan­
tage to the average which excluded T3 (for the conditions 
of this test). This difference was insignificant for cooling 
water flow rates in excess of 30.0 grams/sec. (Fig. 2.7, also 
Figs. II.1 ->16 of Section A of Report No. FT-RH-91 ) .
The results emerged from immersing the GHFM in a salt 
bath (liquid) at 600°C (in order to minimize the effect of 
different wall emissions in the electric furnace) were such 
that 12 grams/sec. cooling water flow rate was the minimum 
to avoid its phase change and the difference in the receiving
surface thermocouple readings was better than 2°C. This out­
come has proved that the performance of the GHFM would improve 
in an environment of homogeneous emission. However, such 
homogeneity is. difficult to meet in industrial furnaces, par­
ticularly in recuperative type systems. In this test, the 
effect of the point of separation and probably of buoyancy 
have dominated the GHFM’s overall performance. The water 
flow rate was stepwise increased up to 70.0 grams/sec; the 
GHFM was immersed in vertical and 45 degrees inclined posi­
tions; overlaps were observed too.
7.3 Initial Control Signal Investigations
It was possible to investigate 9 Signals (Figs. 2.8a1 
and 2.8j). The investigation was aimed to find Signal (s) 
having a faithful representation for the available energy 
for transfer within the electrically heated furnace. Steady- 
state conditions with 40 grams/sec. water flow rate approxi-
mately were encountered.
Energy absorbed by cooling water showed an excellent 
linear characteristic with an extreme range of deviation of 
-6.5 < dev.% < 5.0, but non-linearity was shown when this 
Signal was investigated for the variation of the furnace average 
temperature. The latter situation was expected as a result 
of the governing relationship between radiation from a body 
and its temperature. The system was dominated by radiation 
(Fig. 2.8a1). For the present test conditions, the inter­
relationship between the absorbed heat energy by the cooling 
water and the environmental average temperature may be expres­
sed by a regression, typically given in Fig. 2.8a2. The 
regression’s extreme deviation -4.6 < dev.% < 1.5.
A comparison of the performances of other investigated 
signals (excluding Signal 7) is presented in Table 7.4.
The comparison was based on the magnitude of the range of 
a Signal in respect to the measured variable (available heat 
energy for transfer). The wider the span of a Signal, the 
better its sensitivity. In order of merit, as far as the 
rangeability is concerned, their order would be Signal 1, 8,
2, 9, 6, 3, 4, and finally Signal 5. The most extreme de­
viation of a Signal to either side of its linear path was 
evaluated in terms of the percentage of the available heat 
energy for transfer as well as in terms of the output range 
of a signal. All Signals, except Signal 5, have a reasonable 
accuracy. However, Signal 5 has the smallest output range, 
which meant that a.slight deviation can cause a large error. 
Signal 6 was evaluated by theoretical calculations based on
the average temperature of the receiving surface of the GHFM, 
there were no practical means being implemented to measure 
the differential temperature across the spherical shell of the 
GHFM. Reason for which an accurate judgement of Signal 6 
could not be established here. However, the effective heat 
transfer coefficient between embedded thermocouples and their 
mounting spherical shell was ignored in the calculation of 
Signal 6, though this does not introduce significant error 
in the present design. It is believed that Signal 6 could 
be a justifiable control signal to be investigated further 
in the future.
An obvious fact that can be drawn from Table 7.4 is that 
all Signals, except Signal 5, may be implemented for monito­
ring the available heat energy for transfer in a furnace ope­
rating under steady-state conditions with accuracies as shown 
correspondingly, while Signals 1 and 8 may be chosen as super­
ior to other Signals, due to their sensitivity which is 
supported by their wider range of output signal (Figs. 2.8b, 
h and j).
Table 2.2 lists results of the nine investigated Signals 
for steady-state tests. The magnitude of the output control 
signal in °C and mV absolute is given (except Signal 7).
During steady-state test (coded MF 70 SS in Table 2.2), a 
deliberate small upset in the flow rate of the cooling water 
has shown that Signal 5 was the signal that deviated most, 
while Signals 3 and 4 (based on the differential temperature 
of the cooling water), Signal 7 and Signal 9 were the least 
affected. This situation shows that Signals 3, 4, 7 and 9
are best suited when a steady-state condition is applicable 
with small variations in cooling water flow rates.
However, a computer programme "TABLES" was prepared 
to evaluate the performance of all the Signals. Typical 
results of steady-state tests are given in Table 5.1d (see 
also Table V.1 of Section C of Report No. FT-RH-91, for 
Appendix V).
Figure 2.9 illustrates the variability of the electric 
furnace walls. The correlated thermal conductivity of the 
furnace walls as well as the corrected differential tem­
perature of the cooling water (Fig. 2.10) were required to 
establish "TABLES" the computer programme.
A 10% step-up in the input power to the furnace has
shown that Signal 8 and Signal 1 were the best to give a
faithful transduction of the measured variable in comparison
with other Signals which fell small in their control signal
output magnitudes. Signal 5 gave an almost dead response 
(Fig. 2.8k1).
For a 100% step-up in the input power to the furnace, the 
results of transduction of the variable were more definitive, 
in which case Signal 1 was superior in transducing the variable 
during the thermal lag period of the system, while Signal 8 
was superior as soon as the system passed its thermal lag 
stage. Signal 5 was almost with a dead response once again 
(Fig. 2.8k2).
The difference in the path of response of Signal 1 
and Signal 8 was caused by the delay time involved for the 
heat energy to conduct to the cooling water, a situation 
which affected Signal 1 directly. For the above two step-up 
tests, the performances of Signal 6 are shown in Fig. 2.8I 
in which case the transduction of the variable looks ex­
cellent. This confirms the recommendation to investigate 
Signal 6 further by future investigators .-
It may be worth noting that although step input 
signals were applied to the power input to the furnace for 
both of the results in Fig. 2.8k1, k2 and T, the actual res­
ponse of the whole system was converted into a response to 
a ramp input signal. This was caused by the thermal lag 
which was dictated by the involved thermal mass of the system. 
This phenomenon has induced the need to rectify the actual 
time constant of the investigated Signals, as will be dis­
cussed later.
In view of the preceding tests discussed, Signal 1 and 
Signal 8 were the most likely Signals to be selected for 
monitoring and control of the available heat energy for 
transfer to the load in a combustion chamber, and thus to be 
utilized for the optimal performance of a combustion process 
control system.
7.4 Initial Evaluation of GHFM Response and Delay Times
Initial estimate of the response of the system was found 
to give an average time of 5.022 minutes for the range of the 
test by using a lumped system approach as given by Equation (2.14) 
(extreme values were 2.39 minutes and 7.78 minutes). The 
corresponding average value by graphical method was 5.4 minu­
tes (Section 2.2. ) for the same range of cooling water (6 -*
37.7 grams/sec.), the spread of time constant (including 
thermal delay) was 2.6 < t < 8*2 minutes when Signal 8 was
utilized for the graphical approach.
Larger time corresponded to lower flow rate of cooling 
water and vice versa. In the theoretical model, by applying 
a unit step input to the transfer function of Signal 8 
(Equation 5.86), the thermal delay time was in the range of
2.04 < x <6.43 minutes (Section 7.7).
Although the latter test was for a constant cooling 
water flow rate and varying input power to the system, yet 
the agreement between the thermal delay time ranges was very 
good, in spite of differences in the approaches. The thermal 
delay time range obtained by the graphical approach is most 
likely to be the most accurate, since it was based on true 
measurements of the variables. The accuracy of this method 
is dependent on the accuracy in implementing the graphical 
sketch.
The other methods did not include the conduction error 
via the stem of the GHFM. The maximum percentage of conduction
error for the ultimate conditions of the tests was calculated 
to be 5.741.
Graphical comparison of Signal 8 with Signal 1 has shown 
that their approximate maximum possible delay time was 11.0 
minutes and 22.0 minutes respectively. Their transfer functions 
were derived as. per Equations (2.12) and (2.15) (Fig. 2.11 and 
also Fig. 11.19 of Section A of Report No. FT-RH-91, for 
Appendix II) respectively. Control and monitoring signals 
may be judged by their divergence with time in representing 
a variable for controlling or monitoring purposes. The a/c 
ratio is a simple guide for such judgement (Fig. 2.11 and 
Figs. 11.17 ->19 of Section A of Report No. FT-RH-91).
Factors such as conduction loss factor affect this ratio. 
Control signals with high a/c ratio are classified as poor 
to monitor a variable. Signal 1 was with an average a/c =
0.5454 compared with a/c = 0.1582 for Signal 8, showing that 
Signal 8 is superior to Signal 1 by a factor of 29.0% approx­
imately. A general rule may be used here, namely "a" con­
trols response at short time, while a/c is the determining 
factor at the longer times.
As was stated earlier, a cooling water flow rate in 
excess of 30 grams/sec. produced better distribution of 
conducted heat around the spherical shell. Further tests of 
selected signals were carried out for constant cooling water 
flow rate of 40 grams/sec. approximately. Typical results 
are given in Table 5.1b (also Table V.2 of Section G of Re­
port No. FT-RH-91, for Appendix V). These results are dis­
cussed in Section 7.7.
7 .'5 Signals Dependent on Cooling Water Temperature
As was already outlined, the results in Table 2.2 were 
averaged from a long series of test runs for an approxima­
tely constant flow rate of cooling water of 40 grams/sec., 
a value chosen to improve the heat distribution in the sphe­
rical shell to better than that of Figs. 2.12c ->£.
Signals 3, 4, 5 and 7 were entirely dependent on the 
temperature rise of cooling water. Signals 1, 2 and 9 uti­
lized the temperature rise in cooling water for base mag­
nitudes. Signals 6 and 8 did not include the temperature 
rise of cooling water directly in their structures.
All signals experienced dips in their magnitudes when 
a small step-up upset was introduced in the flow rate of the 
cooling water. Signals 3, 4 and 7 had the best partial re­
covery over a period of about 2.0 minutes, while Signal 5 
experienced the slowest recovery potential (Table 2.2, Test 
MF 70 SS). Signals 1 and 2 increased instantaneously in 
magnitude, then began to restore to their final values, while 
Signal 9 recovered faster than Signal 5, but in a similar 
manner. It may be concluded that because of the thermal 
barriers involved to transfer heat energy from the environ­
ment to the cooling water and because of the natural pheno­
menon in control,(that flow responses faster than temperature) 
the obvious disadvantage in utilizing temperature rise of 
cooling water in heat flow meters for monitoring and control 
lies in their inaccuracy due to the thermal lag involved (and 
the inability to maintain a truly steady flow rate of cooling 
water (see Section 1.1.1)).
7.6 Accuracy of Steady-State Results (M. Furnace)
An examination of the results in Table V.1 (Appendix V) 
shows that the calculated average thermocouple readings of the 
receiving surface (coded: SP (T) mid calc) and the measured 
values (coded: SP (T) meas), the accuracy was 0.19% with advan­
tage to the measured values of temperature of the receiving 
surface. This accuracy is a measure of the calculated results 
of the steady state test runs which took place between the 
heat energy movement within the furnace (i.e. its walls and 
GHFM). The accuracy of the evaluation of the heat loss via 
the furnace walls to the surrounding was evaluated by semi- 
empirical methods. The loss overall accuracy of using the 
conduction shape factor method (coded: COND. loss) as compared 
with the radiation and convection loss calculation was 10.79%. 
Hence the overall accuracy of the calibration of signals is 
in the region of 11.0%. However, it must be borne in mind 
that the heat conduction via the GHFM arm (i.e. cooling water 
tubes, etc.) was not included in the heat balance evaluation.
It was observed that the convection loss from the furnace 
to its surrounding was less than that of its radiative loss 
throughout this test. This situation was expected as a result 
of the small area of outer side of the furnace walls as well 
as of the elevated overall temperature of the outer side of 
the walls.
It was stated that the output temperature of the cooling 
water was not correct and had to be rectified (Fig. 2.10).
This situation is shown in Table 5.1a (and in Table V.1 of 
Appendix V ) . The observed values of the measured heat which
was absorbed by the codling water (coded: QCW meas) are 
excessive when the original outlet water thermocouple readings 
were used for that calculation. The newly installed thermo­
couple for the measurement of the cooling water outlet tempe­
rature was utilized to estimate the heat energy which was ab­
sorbed by water (coded: QCW corr)*This fitted well in the heat 
balance estimate for the overall accuracy of 10.8% approxima­
tely .
There was a significant difference of 6.18% between the 
heat energy which was actually absorbed by the cooling water 
(coded: QCW corr) and the heat energy which was received by 
the heat flow meter receiving surface (coded: HT.TO HFM rad 
exch). This was believed to have been due to the unaccounted 
for heat movement and its transfer (assumed negligible) via 
the concentric tubes and their related containments such as 
the thermocouple lead wires in addition to the effect of 
estimating other parameters at an average velocity of cooling 
water at the equator of the sphere.
Further examination of the results of Table V.1 (Appen­
dix V) shows that the heat transfer coefficient of the film 
between the inner surface of the GHFM shell and its coolant 
was within the range of 1425 < hew £ 2147 W/m^ C with an 
average value of 1539.85 W/m 2°C. It was found that the heat 
transfer coefficient (hew) was influenced mainly by the fluc­
tuation of the cooling water flow rates (coded: FLOcw) and 
its temperature, which in turn is a function of both Reynolds 
and Prandtl numbers. However, the velocity of the cooling 
water was taken as that value at the maximum cross-sectional 
area of the spherical gap of the GHFM. However, the heat
transfer coefficient (hew) was evaluated typically as a lumped 
value from equations as given by Equations (5.9) or (5.108).
The investigations which were aimed to formulate a general 
expression to correlate the heat transfer coefficient between 
the cooling water and the inner surface of the spherical shell 
(see AX1, AY1, AX2 and AY2 values of Appendix V) by following 
the work of Rundell et al. (1968), Cox et al. (1971) and Astill’ 
analytical work (1976) have led to the correlations which are 
given in Equations (5.109) arid (5.110)'. The performance of 
these correlations was influenced by the orientation of the 
GHFM within the furnace due to the differences of emissions of 
its walls, but a major effect is caused by those parameters 
which contribute to the value of the Reynolds number. The 
values of the heat transfer coefficients which were calculated 
by Equations (5.109) and (5.110) were compared with those 
values which were obtained by Equation (5.108) for different 
values of Reynolds numbers.
It is obvious that the patterns of error in using either 
of these equations (i.e. 5.109 and 5.110) are almost iden­
tical regardless of the orientation of the GHFM within the 
muffle furnace. The major difference is in their magnitudes. 
However, in using Equation (5.109) the range of percentage 
error is dependent on the orientation such that
-7.4 < % error < 6.0 for 0.0 degrees
-14.0 < % error < 5.5 for 120.0 degrees
-4.5 < % error <14.0 for 240,0 degrees
Compared with Equation (5.110) the corresponding values are:
-2.0 < % error <10.0 for 0.0 degrees orientation
-5.5 < % error < 8.0 for 120.0 degrees orientation
-2.0 < % error <16.5 for 240.0 degrees orientation
These ranges of percentage errors are for the range of 400 <
Re < 750 (see Fig. 5.6). Any comparison of the application 
and accuracy of Equations (5.109) and (5.110) in view of 
their performance with the variation in the Reynolds number 
would be doubtful unless at least the effect of the different 
levels of emission of the heat energies from the furnace 
walls is minimized. To achieve this end, the percentage
i
error values for the three orientations of the GHFM within 
the furnace was averaged for each Reynolds number within the 
range of 400 < Re < 750. Figure 5.7 shows the percentage 
error in the calculated heat transfer coefficient between 
the inner surface of the spherical shell and the cooling 
water at different values of Reynolds number within the 
range of the test conditions of this stage of the test.
The ranges of percentage error are
-3.5 < % error <16.5 by Eqn. (5.109)
-3.5 < % error <11.0 by Eqn. (5.110)
while in averaging all values as was evaluated from both 
Equations (5.109) and (5.110) for all the orientations the 
range is
- 3.5 < % error < 13.8
The effect of the variation in the Reynolds number on 
the heat transfer coefficient between the inner surface of 
the spherical shell and the cooling water is better judged
from Fig, 5.7 in which the effect of the difference in the
emission of the walls of the furnace was minimized. In this 
instance it is obvious that Equation (5.110) is of better 
accuracy to evaluate the heat transfer coefficient (hew) in 
the range of interest of the Reynolds numbers.
This part of the investigations has provided the means of 
estimating the effects of the various parameters on the per­
formance characteristics of a forced convection of the GHFM.
The variations in the fluid properties and the effect of the 
points-of separation and buoyancy for^a.fixed inner sphere 
radius on (hew) were included.
Rundell et al. (1968) reported that the exact effect of 
the outer shell on the heat transfer coefficient was not fully 
understood. However, observations of the coolant flow patterns 
by Rundell et al. (1968) and Bozeman et al. (1970), which were
supported by photographic evidence, were almost identical, 
except that Rundell reported a fixed separation point at 45 
degrees, while Bozeman reported a separation point which was 
time-dependent.
In the present work, the jetting action of the coolant 
was the reverse of that of Rundell* s and of Bozeman’s investi­
gations. They used an inward jetting at the stagnation point 
(0.0 degree), but what is important is the effect of the 
Reynolds number on the heat transfer (Fig. 5.7) in view of. 
the reliability of Equations (5.109) and (5.110) which seems 
to Bozeman’s observation of the separation point as being time- 
dependent. Highest temperature gradient was reported to occur 
at the separation point (Rundell et al. 1968). The cyclic 
characteristic of Fig. 5.7 may be a natural cause of that 
phenomenon. This is to indicate that the highest temperature
gradient will vary in position according to the variation of 
the separation points and hence causing the involvement of 
varying spherical heat transfer area, which gives varying heat 
energy transfer to the water at each separation point. The 
separation point must have played a significant part in the 
magnitudes of the measured temperatures of the receiving 
surface of the GHFM (Fig. 2.4 and Figs. II. 1 ->11.12 of Appen­
dix II). The slight differences in these magnitudes may have 
also been caused by the buoyant' forces ’ effect in addition 
to that of the separation point.
7.7 Evaluation of System Response
The transfer functions which were derived and presented 
in Chapter 5 were required for further examinations of the 
response of the gross heat flow meter. It was discussed in 
Section 7.4 (and Chapter 2) that the initial investigations 
of the response of the heat flow meter was in the range of 
2.6 < t < 8.2 minutes (i.e. SIGN 8) and that response was 
dominated by the initial time delay of the heat flow meter to 
respond to a thermal disturbance of the test conditions of 
the system. However, a graphical technique was used to invest­
igate the initial response of the heat flow meter (Fig*. 2.11 
and Figs. 11.17 & 11.18 of Appendix II) and gave an overall 
deviation of 7.00% when it was compared with those values of 
response for the same test conditions by using a very basic 
theoretical method which was based on the lumped system 
(Holman 197 6),
Table 7.1 was extracted from a series of transient tests 
(see Table V.2 Appendix V), having a typical results which are 
tabulated in Table 5.1b. It must be noted here that the average
values of Table 5.1b are for those sets which appear below 
the solid lines. These solid lines were drawn to separate 
those values of the test when the system was close to its 
steady state condition. For this situation only, average 
values have some useful meaning. Negative values in Table 
5.1b are only to show that the GHFM was withdrawn from the 
muffle furnace, and its only thermal source was from the 
heat energy which was stored in its thermal mass (particularly 
that in the solid sphere which was assumed negligible; see 
Chapter 5). (A complete set of transient test runs is given 
in Table V.2 of Report No. FT-RH-91 , for Appendix V.).
The performance of the GHFM was examined by applying a 
step input signal which was achieved by allowing the whole 
system to reach steady state conditions for a given regulated 
electric power input. This was done by either withdrawing 
the GHFM suddenly and allowing it to cool naturally and then 
re-introducing it back into the muffle furnace, or by intro­
ducing the GHFM (from cold) suddenly into the muffle furnace 
which should have been operating with the desired test con­
ditions. The data were charted and tape-recorded for the 
desired logging frequency by the data logging system (DLS). 
These modes of zero electric power input indicate that the 
GHFM was cooling outside the furnace. However, due to the 
thermal mass of the GHFM the desired step input function was 
converted into a ramp input function, having its character­
istics as a function of the test conditions,
The results for the derived transfer functions of the 
GHFM were based on the assumption of a step input function 
being applied.
By examining the average values of Table 7.1 it can be 
seen that the time constants for SIGN 8 when a step input 
function of the muffle furnace temperature was applied, was 
in the range of 2.02 < TCH1 < 6.40 minutes, which shows a 
very good agreement with that which was obtained initially 
by graphical method (see Equation (5.86)). However, this 
range of TCH1 seems excessive, but by considering the delay 
time involved TDH1, it is obvious that the time constant of
SIGN 8 is dominated by the initial time of delay. The time
delay of SIGN 8 was 2.04 < TDH1 < 6.43 minutes.
Equations (5.87) and (5.89) were derived to investigate 
the performance of the temperature of the inner surface of 
the spherical shell for a step input function in the muffle 
furnace cavity temperature and for the input heat energy to 
the GHFM respectively. In both cases, the time constant 
range 2.79 < TCH2 or TCH3 < 8.78 minutes, and the time delay 
range is 2.07 < TDH2 or TDH3 <6.45 minutes. These expressions 
were only different in their gains by a factor of R^t* ^or 
these situations the time delays were dominating the time 
constants.
Equation (5.91) shows the effect of applying a step input 
signal of the incident heat energy to the GHFM outer surface
on the energy which is absorbed by the cooling water. The time
constant range 19.0  ^ TCH4 < 59.0 minutes is excessive in 
spite of the fact that the range of its time delays is almost 
the same as that ofTDHl -> TDHS^but in this case the cooling 
water is a very large mass (heat sink), and therefore much 
longer time was needed for the cooling water absorbed energy 
to increase to 63.2% of its theoretical steady-state conditions, 
added to that is the thermal impedance in the path of heat flow,
a similar discussion and analysis are applicable to the 
situation of Equation (5.99) in which a step input function 
in the heat energy which is received and absorbed by the 
GHFM would require an excessive time for the temperature of 
its cooling water to rise to 63.2% of its theoretical steady 
state value. However, the time constant range of this case 
is 48.5 < TCH7 <145.0 minutes. If the heat energy absorbed 
by the water was disturbed in the form of a step input 
function, it can be seen that the time constant of its bulk 
temperature is almost constant and is TCH5 -1.9 seconds and 
an almost similar value for its delay time TDH5 (see Equation
(5.97)). This discussion is equally applicable when the 
response of the temperature of the cooling water is examined 
for a step input function in the magnitude of the temperature 
of the inner surface of the spherical shell (see Equation
(5.98)). Both of the two latter cases do not involve thermal 
masses (such as the cooling water and the internal compo­
nents of the GHFM; Equation (5.94));' However, the whole per­
formance of the GHFM seems to be dominated by an individual 
time constant in Equation (5.88) (x^  is coded TC1 in Table
7.1). Its range is 2.05 < x^  < 6.43 minutes.
An examination of all the response data of Table V.2 
of Appendix V and their average values in Table 7.1 altogether 
with the mathematical analysis and their graphical derivation 
(Chapter 2) indicates that the response of GHFM signals con­
tains two regions of importance, For the first part of its 
response (considering SIGN 8) for the test conditions of this 
work the error is mainly a function of the thermal mass of 
the GHFM and the heat transfer condition between the receiving 
surface thermocouples and the furnace operating level of heat
energies and the variation of its thermal mass.
The first part is shown in Table 7.1 as the ’’THEORETICAL 
TIME DELAYS” from which it can be seen that the higher the 
level of heat energy of the muffle furnace the less the time 
delay which resulted. This fact has made it feasible to be­
lieve that the response of the GHFM (SIGN 8) in industrial 
size furnaces (where higher levels of heat energies are involved) 
the GHFM delay time would be well below the tabulated values 
of Table 7.1. At time longer than that of the GHFM delay time, 
the error depends more on heat movement via the components 
of the GHFM arm. This latter effect depends on the heat trans­
fer condition between the spherical plane within which the 
receiving surface thermocouples are embedded and that of the 
GHFM arm as well as that of its sink (i.e. its cooling water). 
Thus a smaller mass of the GHFM receiving surface, which, if 
it is fabricated with a relatively larger connecting arm would 
closely follow the initial transient, but will be considerably 
in error at the longer times.
Conversely, a larger mass of a receiving surface of the 
GHFM with smaller but well insulated arm of low thermal con­
ductivity (glass) will lag considerably behind the furnace 
temperature (heat energy) initially, but will follow the 
transient more closely than the previous combination at longer 
times.
In the time domain, Equation (5.100) describes the res­
ponse of the GHFM (SIGN 8) to an assumed step input function 
in the temperature of the muffle furnace. It can be seen from 
Table 7.1 that the value of A1 is -1.00 throughout, where
A1 = (t1 ■ R2t C2t)/,:T2 ’ TP  ' ■
B1 = (t 2 - R 2 t  C 2 t ^ /,^T 1 " t 2)
although B1 was always negative for the range of the test of 
this work, but was seen to be directly influenced by the 
level of the test conditions (Table V.2, Appendix V). How­
ever, the performance of the GHFM (SIGN 8) for those conditions 
is shown in Fig. 5.8. In-Fig. 5.8 the test MF10TR indicates
that the eLectric input energy to the muffle furnace was regu­
lated to 10% of its maximum and so on. For this test the 
range of electric power input was varied in steps of 10% from 
10% to 100% for an almost steady water flowrate which was 
slightly in excess of 38 grams/sec. The range of time con­
stants was dependent on the level of the operating conditions 
and was 2.0 < x < 6.5 minutes corresponding to 100% -*10% in­
put power to the furnace. A comparison of the range of time 
constants for varying rates of cooling water with the corres­
ponding range for varying the input power to the furnace can 
reveal that both conditions of the test can influence the 
performance of SIGN 8 identically. Figure 5.8 shows the 
uniqueness of SIGN 8 for control and monitoring purposes during 
transient conditions in a furnace.
The response of the absorbed heat energy by the cooling 
water to a unit step input in the amount of heat energy 
which was being received by the GHFM is shown in Fig. 5.9.
The transfer function is given in Equation (5.91) from which 
Equation (5.101) was derived for the time domain to the said 
unit step input. There was uncertainty of the response of 
the heat energy which was absorbed by the cooling water in 
the region of the time of less than 50.0 seconds. It was
only possible to estimate the range of time constants for 
test conditions corresponding from 100% to 10% of the electric 
input power which was estimated to be 2.08 **-5.7 minutes. The 
overlapping of this signal variation for variations in the heat 
energy which is received by the GHFM, makes it highly un­
desirable for control and monitoring purposes. This heat 
energy signal has been used in the past to monitor the availa­
ble energy release in a furnace, but its accuracy has always 
been beyond a reasonable range. The phenomenon of the response 
of this signal for the first 3-5 minutes of the response is 
caused by the thermal mass involved which introduced the in­
accuracy for the first part of the period of the response. This 
is caused by the movement of the internal energy via the 
thermal mass of the system (mainly via the cooling water), 
and as the system approaches its steady-state conditions then 
the main factor to cause the inaccuracy would be that which 
may be caused by the steady-state error.
The time domain response of the rise in the temperature 
of the cooling water to a unit step input signal of the heat 
energy which is incident and being absorbed by the GHFM was 
derived from the Laplacian transfer function (Equation (5.99)) 
and is expressed in Equation (5.102). Figure 5.10 shows the 
response of the rise in the cooling water temperature. It is 
obvious that the discussion of Fig. 5.9 applies equally to 
Fig. 5.10. However, although all investigated signals may be 
considered for monitoring a steady state condition of operation 
with varying accuracy, but as it has been specified for this 
work only SIGN 1 and SIGN 8 were specified for steady state 
conditions. With regard to Figs. 5.8 -*5.10, it is only SIGN 8 
would have the capacity for monitoring and controlling purposes.
7.8 Minimizing the Effect of the Thermal Mass of MF
It was noticed that there were slight differences in the 
results of the same test of the performance of the GHFM for a 
step input whenever there was a change in the surrounding 
temperature of the ambient. This gave rise to believe that 
the true response of the GHFM was severely affected by the 
thermal mass of the calibrating muffle furnace. An examina­
tion of the model which was used to justify the results of 
this part of the test can show the fact that the step input 
functions which were used in it were actually those which were 
measured from actual tests (i.e. cavity temperature or availa­
ble heat for transfer) which were influenced by the thermal 
mass of the muffle furnace. To minimize that effect, a series 
of tests were carried out by setting the regulated input power 
to the furnace to the desired value until the whole system 
reached a Steady-state condition stage at which the heat flow 
meter was pulled out of the muffle furnace suddenly, then was 
allowed to cool outside the furnace naturally, then was re­
introduced again inside the furnace, as was mentioned earlier. 
The cavity temperature was observed to vary by few degrees, 
but the variation was small enough for creating aheat energy 
movement to or from the stored internal energy in the muffle 
furnace structure (of any relatively significant value).
It is believed that this series of tests has shown the 
closest performance of the GHFM to its true function with re­
gard to the effect of the true thermal mass of the GHFM on the 
response to a step input signal such that a better definition 
of its time constants for various levels of test conditions 
was obtained.
Both Signal 1 and Signal 8 were tested for a step input sig­
nal for a series of test conditions ranging from 10% to 100% MCR 
of the electric furnace. Figure 5.12 is a typical example (other 
results are given in Figs. V.1 ->V.10 of Section C of Report No. 
RT-FH-91, for Appendix V). From those results, the gross time 
constants were found to be in the range 1.1 < t ^ <3.58 minutes 
with an overall average value of 1.974 minutes for Signal 1,corres­
ponding to 1.1 < x g < 2.917 minutes with an overall average of 1.84 
minutes for Signal 8. These initial estimates of the response 
times included the full effect of the thermal mass of the GHFM 
system in addition to the effect of the conduction loss, but have 
the minimum effect of the electric furnace thermal mass. The 
clear evidence of the superiority of Signal 8, as far as the gross 
time constant has revealed, encouraged further refinement of its 
net time constant. Figs. 5.13 ->-5.17 are typical results for the 
estimation of the actual time constant of Signal 8. These figures 
represent the results for the regions of interest for the time 
constant of Signal 8. The gross time constant range was 81 < t  <
5
132 secs., which included a thermal delay time plus conduction 
loss effect within the range of 29.0 < < 4 9 . 0  secs. Thus, the 
refined time constant range of Signal 8 was 52.0 <xQ ^83 secs., 
from which it can be noticed that the delay time has a large pro­
portion of the gross time constant of GHFM (Signal 8); that pro-
°/Td
portion in percentage range was 34.1 <>/— ^ 46.63. The gross
' xg
steady-state time was in the range of 1'1.2-£t ^181 secs. It is
clear that the average gross time constant of the GHFM (Signal 8) 
was 97.38 secs., of which the refined time constant was 60.28 secs, 
and that of the thermal and conduction initial delay time was
37.2 secs. Hence, the delay time constituted 37.93% of the over­
all gross time constant of the GHFM. The average gross steady- 
state time was 132.23 secs. However, calibrations of Signals
1 and 8 were based on the amount of heat energy absorbed by the
GHFM per unit area of its receiving surface for a constant CW
flowrate of -40 ±4% grams/sec. (Table 7.2 and Fig. 5.11). The
flux density range of heat energy which was measured by the GHFM
2was 18.8 to 90 KW/m corresponding to a monitoring and controlling 
signal of 1.081 to 3.9895 mVolts absolute, for Signal 8, and a 
monitoring signal of 0.67 to 3.4376 mVolts absolute, for Signal 1 
(Signal 1 for steady-state only). The heat energy which can be 
absorbed by the GHFM may be expressed in terms of the millivolt 
absolute output of the selected signals (see Fig. 5.11).
7.9 Industrial Application of the GHFM
In spite of the rigorous method to calculate the heat move­
ments with the gas-fired recuperative furnace (see Chapters 4 to 
6), the percentage error of these calculations was in the range 
of 2.0 <% error <13%. However, only 2% of the results was in the 
range error greater than 10%. The overall percentage error was 
about 7%, see Table 7.3 (and Table IX.1 of Section E of Report 
No. FT-RH-91, for Appendix IX).
It is an established fact that the combustion of North-Sea 
natural gas gives its peak emission at an equivalence ratio <f> 
of just below unity:with stoichiometric air/fuel ratio (std'. 
volumes of 9.76 (see Appendix VIII). In order to base all cal­
culations for this part of the work on the most widely used 
reference, the corresponding value of 9.752 was quoted from 
Rose et al. (1977) throughout. In addition to this, the sight 
glass windows of the gas furnace,as well as its section through 
which the main water load of the furnace was mounted,were assumed 
to be of similar structure to that of the furnace shell. The 
main contribution to the calibration error was believed to have 
been caused by these assumptions. The complex nature of the 
combustion of natural gas is a further reason to urge the in-
vestigator to be content with this degree of accuracy (see 
Appendix VII).
It was mentioned earlier that two series of test runs were 
carried out. For the BB2-series, the water targets of the gas 
furnace were replaced by some refractory pieces of similar com­
position to that of the furnace. This was necessary to overcome 
the frequent terminations which were experienced with the BB1- 
series which were caused by water leakage from those targets. 
Reference to Figs. 7.1 ->7.7 shows that Signal 8 displayed its 
peak with a range of equivalence ratio of 0 . 955 < <{> < 1.052 
which corresponded to specified percentages of concentrations 
of some combustion products. The concentrations of these pro­
duct species for which a peak was displayed by Signal 8 were 
not equal to their corresponding theoretical values for which 
a peak emission in natural gas combustion with air would occur. 
However, these concentrations were not drastically deviated.
This case was believed to have resulted from the degree of 
homogeneity of the gaseous medium in the furnace, as well as 
the effect of the preheat in the combustion air (see Figs. III.1 
->111.7 of Section B of Report No. FT-RH-91, for Appendix III), 
added to the effect of losses of energy via the furnace shell to 
its surroundings. Heat losses via furnace shell causes the peak 
of combustion to" shift to the lean side of combustion (Gaydon 1960).
Theoretically, Fig. 6.1 for a combustion air inlet tempe­
rature of 15.6°C has given a peak emission of natural gas com­
bustion of atmospheric pressure to occur at 4*theoretical = (air/ 
fuel)actual / a^ir/£uel s^toich = °-96> with partial pressures of 
C>2 , CO and CO2 of 0.00033, 0.00016 and 0.08 atms. respectively.
The corresponding values for measured <f> of <f>measure(i = (fuel//airictual 
/■■(fuel/air) t ^  « 1.0 were of the following percentages: 2.42%,
0.038% and 8.15% respectively (Fig. 7.7).
The position of the measured equivalence ratio <j> at which 
Signal 8 displayed a peak was investigated to the relative po­
sition at which the peak emission of the combustion of natural 
gas with air occurred. Following Godridge (1968), the available 
heat energy in the furnace was calculated by assuming a constant 
gas emissivity of 0.6. Godridge’s measurement for such a value 
of emissivity was for a free jet flame in a boiler and hence its 
application to a recuperative furnace with forced jet flame will 
involve certain deviations. However, the calculation by this 
method was to define an approximate position of the peak emission. 
Hadvig's (1970a) procedure, although based on blackbody systems, 
was followed too for the same purpose. Thirdly, the furnace 
efficiency was estimated by following Hottel (1974). The posi­
tion at which the peak efficiency occurred was aimed for testing 
Signal 8. Hottel (1974) assumed a homogeneous gas mixture in 
addition to other simplifying assumptions.
The position of the measured equivalence ratio <{> at which 
Signal 8 has displayed a peak as well as the corresponding posi­
tions for which the heat energy emission as it was estimated 
after Godridge (1968) and after Hadvig (1970a), altogether with 
the peak of the efficiency after Hottel (1974) were measured 
and tabulated in Table 7.5 for each test of the specified flow- 
rate of combustion air and its preheat temperature for the peak 
position (see Figs. 7.8 ->7.19).
From Table 7.5, the range of the equivalence ratio posi­
tion for which Signal 8 displayed a peak was 0.932 ^ <f>q ^ 1.024 
showing an overall average of (J>8 = 0.9912. The corresponding 
ranges and overall average values of <J> for a peak of emission
following Godridge, Hadvig and Hottel were respectively
0.934  ^ <j>G < 1 .06 
0 .963 < 4>h < 1 .065
0.96 < cf> <1.11
y
If the deviation of the position of the average peak of Signal 
8 was estimated in view of the positions of the peaks by the 
outlined three techniques, such as
then the percentage deviations are respectively 0.2114%, 1.647% 
and 3.326%. This shows that it was Godridge’s (1968) technique 
which has outlined the best agreement to the position of the 
peak of Signal 8. Techniques in which a number of simplifying 
assumptions were made (Hadvig 1970a, Hottel 1974) including the 
assumption of the homogeneity of the furnace gases have shown 
a close agreement to each other in view of the position of the 
occurrence of their peak emission, but deviated from that of 
Godridge (1968) by 1.4142% and 1.7068% respectively, as based 
on the average cf> after Hottel (1974).
For the lean side of combustion of natural gas, the flame 
was observed to be non-luminous. The luminosity appeared to­
wards the rich side of the process. The emissivity of non-lu- 
minous flamesof natural gas is in the range of up to about 0.4, 
while that of its luminous flame lies in the range of up to 0.74. 
Having Godridgebto consider, an average emissivity of 0.6 for 
natural gas flames has introduced the deviation in obtaining 
coincident paths between that of Signal 8 to that calculated 
emission by following Godridge (1968). The corresponding dev­
% dev. ^avg.(method) " ^avg.(8) x 10Q 
^avg.(method)
iations which resulted when either procedures of Hadvig (1970a) 
or Hottel (1974) were believed to have been caused by the various 
assumptions. Some of the assumptions were of drastic deviation 
from the realism of combustion processes in recuperative furnaces 
and forced jet systems. However, the major part of the path of 
Signal 8 around its position of the peak is believed to transduce 
the emission of natural gas flame faithfully. In general, the 
position of peak of Signal 8 occurred towards the lean side as 
relative to the occurrence of the peaks in view of Godridge?s(1968), 
Hadvig’s(1970a) and Hottel's(1 974) approaches. The theoretical 
positions of the peaks of ^theo tenc  ^ towards the lean side of 
combustion of natural gas as the preheat temperature of combust­
ion air is increased. The increase in preheat temperature of 
reactants relaxes the assumption of homogeneity of furnace gases 
towards its ideal (see Figs. 111.1 + III.7 of Section B of 
Report No. FT-RH-91, for Appendix III). This phenomenon has 
caused the drift of the positions of ^.^eo and of <f> of Signal 8 
towards each other. This phenomenon added a further proof to 
the belief of the reliability of Signal 8 in transducing the 
energy emission from a combustion process in a faithful manner 
in a wide range of the equivalence ratio position around the 
occurrence of the peak of emission from a flame.
The higher the firing rate of the furnace, the better was 
the agreement between the positions of occurrence of the peaks 
of Signal 8 and that of the theoretical value (Table 7.3 and 
Figs. 7.1 +7.7). Higher firing rates cause a better degree of 
mixing and hence a closer approach towards the assumption of 
a homogeneous gas of the furnace results in a better realism 
of a combustion process in a furnace.
Throughout these tests, Signal 8 was measured by units of 
temperatures and millivolts, both compensated for the ambient 
variations. The attempt to estimate the rangeability of the 
GHFM (Signal 8) during its industrial application in the gas- 
furnace is represented in Fig. 7.20. The approximate range of 
the monitored density of heat flux energy was
3.7 < heat flux density < 13.8 MW/m^
This estimate was based on the area of the receiving surface
of the GHFM. An approximately constant cooling water of 40
grams/sec. was used. However, a maximum heat flux density of 
?
28.58 MW/m was possible to be produced by the gas-furnace in 
use, but this series of tests was decided to be limited to with­
in 7 5% of the M.C.R. of the furnace due to economical reasons 
(see Chapter 3).
Results of a similar nature to those of BB2-series of tests 
were obtained from the first set of test runs BB1, except for 
those runs where water leakage inside the gas-furnace from the 
water targets have resulted in some discrepancy. BB1 series was 
not included in assessing the reported results of this work.
7.9.1 Heat Losses via Furnace Shell
An examination of Table 7.3 (see also Table IX.1 of Section 
E of Report No. FT-RH-91 for Appendix IX) reveals that losses from 
the gas-furnace shell to the surroundings were dominated by the 
radiation loss. In spite of its relatively small surface area, 
the recuperative section of the furnace had a major contribution 
to that loss. The recuperative section of the furnace was neither 
insulated nor lagged. This emphasized the fact that economical 
insulations in heat intensive appliances play a major part in
the reduction of wasted heat energies.
7.10 General Remarks
The choice of Signal 8 to monitor and control the optimal 
release of heat energy in a furnace was assessed by a series 
of theoretical and experimental justifications. Other investi­
gated Signals have shown a varying capability to monitor a 
steady-state combustion process. The GHFM was proved to with­
stand the hostile environment of furnace operations; it is also 
simple, robust and may be used for a steady state or a transient 
combustion process in a furnace. It can produce nine Signals 
for monitoring a steady-state combustion process,and the nineth 
Signal, namely Signal 8 is suitable for all modes of operation 
in furnaces. A steady flowrate of cooling water to the GHFM 
has been shown to be important for the repeatability of the 
device. Simple manipulation of cooling water flowrate will 
only be required to set the GHFM to control the optimal per­
formance in furnaces. This manipulation is needed to set the 
GHFM to meet the energy level in a furnace such that it can 
prevent the phase change of cooling water to steam. The heat 
energy distribution around the receiving surface of the GHFM 
is improved by increasing the flowrate of cooling water. Ex­
cessive increase in the cooling water flowrate will cause the 
generated control signal of the GHFM to be damped and hence 
to be small in magnitude. The required magnitude of a control 
signal is dictated by the controller to be implemented. In a 
transient test, Signal 8 has shown an average gross time con­
stant of 1.623 minutes which included an average thermal delay 
time of 0.6 2 minutes, thus showing a more refined time con­
stant of 1 .005minutes approximately. For the industrial appli­
cation of the GHFM in a natural gas fired recuperative medium- 
size. horizontal cylindrical furnace, a theoretical prediction 
of the change of emission with air/fuel ratio was required to 
assess the performance of the GHFM. For this a model was drawn 
(see ’’FLAME.FTN" in Section B of Report No. FT-RH-91, for Appen­
dix III). The theoretical and experimental results of the 
occurrence of the peak of emission gave a good agreement to the 
occurrence of the peak of Signal 8. Apart from this^ good agreement 
was obtained by the concentrations of some of the species of 
the combustion products at the position of the peaks (namely 
O 2 , CO and CO2 ). The theoretical model was based on the equi­
librium concept (Chapter 6). This concept was seen to be quite 
valid from fundamental considerations. The main chemical 
reactions involved in a hydrocarbon flame are rapid (excluding 
nitric oxide) and are completed in a few milliseconds after 
passing through the reaction zone (see Appendix VII). Thus 
departures from equilibrium are seldom in the region which is 
viewed in practice. However, the assumption in the concept 
which involves the equilibrium between nitrogen, oxygen and 
nitric oxide introduces some slight doubts because the forma­
tion of nitric oxide in flames is somehow a slower process, 
but the use of the equilibrium model still remains a reasonable 
valid tool. By assuming no losses or preheat of reactants, 
the model gives a theoretical <f> - 0.96, compared with 0.98 for 
10% losses and no preheat as shown by Gaydon et al. (1960).
In practice, heat losses from a furnace are not constant, but 
are a function of a number of variables of the combustion pro­
cess and the furnace design. The fuel/air ratio is one of 
these factors.
The occurrence of the peak of Signal 8 was seen to be 
towards the lean side when compared with the resulting peak 
emission by using available techniques (Godridge 1968, Hadvig 
1970a and Hottel 1974). The accuracy of these techniques is 
dependent on the validity of the implemented simplifying assum­
ptions. The range within which Signal 8 has displayed a peak 
is shown in Figs. 7.1 -*-7.19 and Table 7.5. Table 7.4 shows 
Signal 8rs investigated performance in comparison with other 
investigated signals for steady-state test conditions.
It is believed that a viable instrument has evolved for 
the field of the optimal use of fuel and furnaces. The heat 
flow meter is universally applicable in all modes of furnaces. 
Gross heat flows in furnaces are monitored by this GHFM. In 
view is the control of the ratio of fuel/air, a governing factor 
for the optimal process of furnace operations. The test was 
carried out in conditions which may be classified as complex, 
which shows that the successful application of the GHFM in all 
industrial gas-fired furnaces is a fact.
a
t—i
n
03
H
COzX
OS
t- * CO * UJ * 
H  *
H jh x *
UJ *
CO *x * 
<  *cc * 
H  *
cc *ou. * * 
*
co *
DC * 
I UJ * 
I H * 
UJ * 
X  *  
<  *  
DC * 
<  *  
CL. * 
*u, * 
o  *  
*
CO * 
UJ * 
=5 *  
J  * 
<4 *  
>  * 
*
UJ *a *
*4 *  
DC * 
UJ * 
> * 
*4 *
w
<u
-p
p
c
•H
E
co
Hz
<s
H
CO
25
O
O
UJ
X
-J
<
o
M
H
UJ
DCo
U3
X
H
UJ
Q
O
O
X
DC
H
CO
U
H
O o o
Xr~ 1 • • •
X I in CO CO
o 1 43- CM r—
E- 1 r- »— T—
=r oj mvo to cm in
co cn c- o vo o co 
cn c- vo vo in in = r
c*-O COO t—COe- cm cnCO
vO 1 o COCOCOo t— 0 r— 0 CM
X 1 COCOCOCOCOCOCOCOCOCO
o 1 o o o O o 0 0 0 0 0
H l • • • • • • • • • •
o o o o o 0 0 0 0 0
u-o COo t-00C— CMONCOin 1 o COCOCOo t— 0 1— 0 CM
X 1 COCOCOCOCOCOCOCOCOCO
o 1 o o o o o 0 0 0 0 0
H » • • • • • • • • • •
o o o o o 0 0 0 0 0
=sr 1 o =rcnc»-in ON0 ON U-0
X 1 • • • • • • • • • •
O I cnCOr— in CMvO in cm0 ON
H l in =r 43-COCOCMCMCMCMr—
CO l ooCOo vO ONCMC— vo ON
X l t— CMCM c— ONvoCO 0 c—
o l • • • • • • • • • •
H I co c - vO in 43-COCOCOCOCM
CM I co COO vO ONCMC— vo O N
X 1 C'- r— CMCM c - ONvO C O 0 c -
o 1 • • • • • • • • • •
H 1 co t- vO in 43- COCO COCOCM
1 o O O CM ao 43- vOCO t— CM
X 1 3 -CMinCO 43- co vo 43- T- 0
o 1 • • • • • • • • » •
H 1 vo in 43- COCOCMCMCMCMCM
co
T>
J-
03
-P
O
CO
<1)
-P
03a
■H
T 3
C
bO
•H
CO
<13
>
I
CO
<u
4-3
3
C
•H
E
CO
< 6
_JUJ
Q
UJ
X
_J
c
oI—I 
8-* UJ DCoUJ
X
H
co
vO
c- in in «- f- 4=r c- o u- o
<o in 43- l l I I l
t— O CO O I** COO CO CO CO o oCO CO CO CO CO COo o o o o o
o o o o o I I I I I
c—  O  CO O  C—  CO 
o  cn CO C O O  r- 
CO CO CO CO CO COo o o o o o
• • • • • •o o o o o oI I I I I I
C O  f -  0 3  C M C  O J
in =r vo cn vo o
vo in 
I l I I I
in co c—  t—  co cn 
=r cm in co in co
I I I I I l
in co c— co cn
I l I l I l
CO vo SJ- OJ =r =t o
I I I I I I
ON vO 1— in
OO vO 43- CM• • • •
CM1CM1 CMICM1
t— CM cn CO
O T— 0 CM
CO CO CO CO
0 0 0 O
• • • •
01 01 01O1
e— CM cn CO
0 r— 0 CM
CO CO C O CO
0 O 0 0• • • •
0l O1 0l 01
4T in 0
CO vO CO CM• • • «
CM1CM1CM1CM1
CO CM E—C- 43- CMO• • • •
CM1CM1CM1CM1
CO CMt»e- 43- CM O• • • •
CM1CM1CM1CM1
CO vO O 43-
vO 43- CM O• • • •
CM CM CM CM
DC
th
X
03 03 03 03 03 03 03 03 H 03 03 03 03 03 03 03 03 03 H
H H H H H H H H O H H H H H H H H H O
O O O O O O O O O O O O O O O O O O O
CM CO 4T in vO C-- 00 cn <r~ T — CM CO 43- in  vo f - 00 ON r—
% £ U 4X £ U.X \uX UuX tuX
luX U *X
u.
X
U.
X
u.
X
U.
X
U -i
X U 4X
CO
*o
C
o
o
a)
V)
co
H
x
<3
E-1
CO
Xo
CP
UJ
X
_}
<
X
Q
HH
>
M
Q
X
►J
<
o
I—I
H
UJ
DC
O
UJ.x
H
ino
E-*
43-
o
E-*
CO
o
H
CM
U
E-*
r- I
O  I 
H  I
43-43-43-o o o I I I
UJ UJ UJo o o
CM C- 
<n CM O 
CO CO oo 
• • •o o o
o o o
UJ UJ UJ
o o o 
sr oo co 
co cn o 
i- t— CM
I o o o
o o o
UJ UJ UJI o o o 
I cn cn on 
l cn cn on 
I co co col . . .
I o o o
o o o 
UJ UJ UJo o o t— C— c*—
CO CO CO
o o o
CO CO COo o o
UJ UJ UJo o o
VO VO CO
co t- e'­
en co cm 
• • •o o o
os os os H H H o o o
r- CM CO
= r =r =T 13- = r =r
0■ 01 01O1 0• 01 0•1
UJ
1
UJ
1
UJ
1
UJ
1
UJ
1
UJ
1
UJ
0 0 0 O 0 0 0
in 0 OV r — E ^ in
CMCO in in =r in CO
vO vO in vo vO in vO
• • • • . . .
O 0 0 0 O 0 0
0 0 0 O O O O
UJUJUJUJUJUJUJ
0 0 0 O 0 0 0
CO=r X— =r t— in=r
cn00cnCOco cocn
x— x— r— x— r— x— x—
• • . • . « •
0 0 O O O O 0
f—
0 0 0 0
r—
O
*—
0
*—
0
UJUJUJUJUJUJUJ
0 0 0 0 0 0 0
cncncncncn cncn
cncncncncn cncn
CO COCOCOCO CO c o
• • « • • • •
0 0 0 0 0 0 0
0 O 0 0 0 0 O
UJUJUJUJUJUJUJ00
0 0 0 0 0 0 0 cc
c— E'­E-E'­E- E'­vOUJ
coenroenen roro t-«t— r— *— X- X— T— T— UJ• • • • • * •21
O 0 0 0 0 O O <
cc
enenenencn encnCL,
0 0 0 0 0 O 0
O
UJUJUJUJUJUJUJO
0 0 0 0 0 0 0 x—1— 0 CM r— coCMen «
enr— C— vo •=r enCMin
C\JCM r— *— T— x— X—
. • • • • • • «
0 O 0 0 O 0 0 z
O’
uj
CQ
o o o o o o o < — <— <— 
o o o o o o o o o o
u u u i u u u u u u u
O O O O O O O O O O C / Q
cn oo <— vo vo t— o co *— ccNtnrooocrivOr-OT-t\JW 
no=r invovooocn*— h
UJ
2: 
<  
cc <c
cc
oI o o I I 0 0 0  I I I o o I I
o o o o o o o o o o
wuuwtxjtjjwtiaujw
o o o o o o o o o o
o o o o o o o o o o
o o o o o o o o o o
o o I I 0 0 0 0  I I I I 0 0 0 0  I I I I
o
in
C\Jo
CM
CQ
CM CM CM CM CM CM CM CM CM I—
O1 O1 O| O1 OI O1 OI O1 O1 01I
UJ
I
UJ
1
UJ
I
UJ
1
UJ
1
UJ
1
UJ
1
UJ UJ UJ
0 0 0 O O O 0 O O 0
cn .=r E~- CM vO inVO CM cn =r
x-- co =r enCO CM E— inin 0
cnen =r inin E '- E— cocn *—
. • • • • • • « • «
0
1
0
1
0
1
0
l
0
1
O
1
O
1
0
1
0
l
0
1
cnencncncnCM CM CM CM CM
01 01 0I 0| 01 O1 O1 O■ O1 O11
UJ
1
UJ
1
UJ
1
UJ
1
UJ
1
UJ
1
UJ UJ UJ UJ
= r cn 0 CO vO vO vO in
E— T*“ X— cn X— in CM CM E— vO
vO vO CO VO 0 X— CM cn
=T m vO E— CO *— x— *—
. . * . ' . • » . • •
O 0 O 0 0 0 0 0 0 0
CM CM CM CM CM CM CM CM CM CM
O  ' | O■ O1 O1 O1 O1 O1 O1 O1 O|1
UJ
1
UJ
1
UJ
1
UJ
1
UJ UJ
1
UJ
f
UJ UJ UJ
O O O O 0 0 O O 0 O CO
u- E '- x— =T 0 cn=rcn X— t— cc
vO CM CO in 0 *— vO CM CM cnUJ
CM enen invO vO E - CO CO f -
• • . . • • • • . • UJ
O 0 0 0 0 O O O 0 0 2 :
1 1 I 1 1 1 1 1 1 l <
cc
enenenenenenenenm m c
0 0 O 0 0 0 0 0 0 0 cc
UJ UJ UJ UJ UJ UJ UJ UJ UJ UJ CM
0 0 0 0 0 0 0 0 0 0 0
=r enenCM CM T— CM CM r— CM x—
ro enm cnenm enenCO en .
»— X- X— x— X— x— t— 1— X— x-- in
. • • . • . • « • •
O 0 0 0 0 0 O O 0 0 •
a
u j
0
c CC cc cc CC CC CC
CC
H DC DC CC DC CC DC DC CC CC
DC
H DC CC DC DC DC CC DC DC DC
DC
E-*
H H F- H H H 0 E-h H H H H H H H f-» O E- E-< E—• E-* E- H E- H E-> O
O O 0 O O O 0 0 O O O O O O O O O O O O O 0 O O O O O• =T in VO E— co cn X— ■ r— CM en =r in vO E— CO cn r— <— CM en in vO C '- co cn r—
J U-. Lu Ul, Ul Ul Ul Ul Ul Ul Ul Ul Ul Ul Ul Ul Ul lu Ul Ul Ul Ul Ul Ul Ul Ul Ul Ul
J
H
2: 2: 2 ! 21 2 : 2 : 2 : 21 2 : 2 2 2 2 2 2 2 2 2 2 2 s - 2 2 2 2 2
III
CO IQ I I I
III
CO I 
O I I I
III
CO I 
CQ I I I
III
CO I 
:<C I I I
III
CO I 
CC III
MF
10
TR
 
0.
11
80
E 
03 
0.
26
80
E-
02
 
-0
.1
36
0E
-0
2 
-0
.3
93
5E
-0
2 
0.
26
70
E-
02
MF
20
TR
 
0.
12
60
E 
03 
0.
33
00
E-
02
 
-0
.1
31
0E
-0
2 
-0
.M
92
8E
-0
2 
0.
25
60
E-
02
MF
30
TR
 
0.
12
90
E 
03 
0.
38
40
E-
02
 
-0
.1
37
0E
-0
2 
-0
.5
77
2E
-0
2 
0.
33
11
E-
02
CM CM CM CM CM CM CM
O1 OI Oi OI OI O1 o1I
u j
I
UJ
I
u j
1
u j
i
uj
I
uj
1
uj
COo o o o o oo Cn CM CO CO CO ooo U - vo t - t -  vo v O•=r=r in vO vO c— C—
• • • • • • •
o o o o o o o
CM CM CM CM r- x— «—
o1 Oi O• OI oI o1 o11
UJ
I
uj
I
UJ
1
UJ
1
UJ
1
UJ
1
UJ
in o o cn CM CO CO
*— OO cn in C— o x—
CO CO *— e'­ O CM CO
vO C~- crv en t— t— »—• • • « • • •
o1 o1 O1 oi o1 o1 o1
CM CM CM CM CM CM CM
OI O| Ot O1 O1 OI o11
UJ
9
UJ
•
UJ
1
UJ
i
UJ
1
UJ
1
UJ
o o o o o o o
vO VO cr> T- CO o
t— =r vo CM =r CO in
r- CM CM CO CO CO CO
• • • • • • •
o1 o1 o1 o1 o1 o1 o1
CM CM CM CM CM CM CM
O1 O• O1 OI OI OI o11
UJ
1
UJ
1
UJ
f
UJ UJ
9
UJ
1
UJ
O o o o o o o
OO in vo t—1■ CO CO in
in o CM f- CO CO o
=r in vo VO t" CO cn
• « • • • • •
o o o o o o o
COCOCOCOCOCOro
o o o o o o o
UJUJUJUJUJUJUJ
o o o o o o o
vO C— T- c— cn co CO
t— *— CM*— x— t— CM
X- X— *— *— T- r— X—
• • • • • • •
o o o o o o o
cc cc cc CC cc cc
cc
t -
H H H E-* H E—< o
O O o O o O o
in VO t>- OO cn 1—
u. U-iUuU-iU-iUiUi
"SI s ; S 'Z. z s ;
1 O ' o vo v O C O c*~ C O C O O ' i n
1 O r o CM O ' CM vO V O 33 vo O '
1 C O i— CM t— CM O  33 C O C O C O
H o C O 33 CM CM c o  =r CM i n O '
-1 1 • • • • • • • • • •
o 1 r— ft— r-~ CM CM CM CM C O C O C O
> 1 \ \ \ \ \ \  \ \ \ \
C O E 1 c o •=r o C - i n i n  c- CM i n 33
z \ 1 i n 33 CM r o t— c o  «- O ' O ' r o
CJ o 1 o C - 33 C"- 00 C O  CM C O vO 33
(— 1 1 • • • • • • • • • •
CO (30 1 C— CM in 3T 3T C O  0 0 t - u - •
(U 1 CM C O C O i n i n VO V O C O C O O v •
•a •
O
1 CM C~- c— O ' vO C~- C ^ 00 vO V O 43
H 1 r~r 33 O ' 33" C - i n  0 O ' 33 CD
UJ 1 t- CM O ' 33" c - O '  CM O ' c~- r o •
o 1 vO O ' O ' t— CM O f- 0 33 OSft— > 1 • • • • • • • • • • 0
z E 1 O o o f— r* CM CM CM C O C O 2:
o N 1 N \ \ N \ S. \ N \ N
M u 1 C - o 33 O ' t— ■ r o  c o O ' 0 O CO
C O  * CO 1 o o in O i n r—  r o T— 33 O ' E-h
-J * (30 1 CM o CM 0 i n  c n r- C O 0 M
<  * a; 1 • ♦ • • • • • • • ft
2  * TJ 1 vo C O in C O 33- v O  O ' CO uo 33 U
o  * 1 T— CM CM =T 33 i n  ■=r vo C— C O O
i— i *
CO * (rS.
* >H O
°i5 * o r*
* CC
«—  * UJ s; 1 O ' C O o CO vO 0  C- vO C O VO E-h
-J * z u CM 1 in r o 3— c— C O 33 33 C O 0 33 <
<C * UJ sc 2  1 c*- i n o C O T— O '  vO O in 0
Z  * o \  1 • • • • • • • • • ft 0
o  * E-h 5  1 c o i n CM
%— i n •3 CM 1— »— 0 2:
1— 1 * < z z  1 ft— CM C O 33" 33^ L O  vO c— c o O ' HH
co * UJ M V-/ 2
* sc 2
o  * SO
Z  a»c CC
i— l * o
E— i * a 1 co co
<C * o w 1 CM r o =r O O ' t- in '— O ' 0 CO
•=r CM 1 CC * J s 1 • • • • • • • * ft ft *
C O . 1 CQ * u CO 1 o o ft— c— O O CM CM r o CM CM *
O ' c— 1 l— l * E 1 33 =T r o 33- 33- 33 33 33 33 33 u u
r- 1 -J * !3 (30 y 2;
I * O
UJCM CD 1 c_> * UJ
CM H
40
1 *
1 CC *
<U
S5 u 1
a
0
sc
E-
> CC! 1 o  * i— ( 2: o 1 vo ft— O ' O c o in 33 c— in vC 0
O E- i u  * ra UJ 1 C— c— C~- 33- 33 V- O CM 33 CM E-h* > E-h (30 1 ♦ • • • • • • • • • z. <c
<  * cu 1 C - in in 0 O ' O '  T~ t— CO O S3 a:.. H  * CJ u TJ 1 C O 33 C O 33- i n <—  in C O CM i n DC E-h
n> «=C * 40 s 1 C O 33 33 in in vO vO vO C - f -
sc Q  sic 3 H 2
t- *
UJ *
i— 1
O cc s
CO
UJ UJ
.. H  * w UJ E- 2:
UJ <Sj * 40 cl, H CO
UJE-h H  * ro • CO H
00
0
<c CO * E-* >-> H  1 c o CM o LO r 0 f " O 0 sc E-h
Q 1 * c CJ CO <  1 r— ft— C O c— CM CM O ' C- O 0 E-
>4 * ro UJ 3= 1 • • • • . • • • • • • CO
Q  * _J o '— - | o CM C O T- r— *—  O' in C O in oc 1— 1
C  * CO UJ H 1 C - =r CO »-~ VO C O  c— vO O ' 0 0
UJ * •r-4 1 vO O ' o C O in C -  O ' 1— 33 vo U 0
CM £—■ sii ft— '— 3- '—  ’— CM CM CM ft—
UJ co * H It
►J * -J z *
CQ Q  * O so co *
UJ * > cc UJ 1 CO co C/J co CO CO CO co CO CO
UE-h O  * E Q 1 co CO C/J co CO co co CO CO 0
<  * H O 1 o o o 0 0 0  0 0 O 0 (—1. . OS »K • • C/J O 1 »— CM r o 33- i n vo C— CO O ' «—
UJ UJ * (1) UJ 1 u u U u u u  u U U u
-J >  * 4-> H 1 2: 2: 2: 2: 2: 2: 2: 2; 2: 2:
M <aj sic O
u. * z
o
o
4-3
■P
CL
C
2 : sk
O sk
(H sk
E-h sk
< sk
O sk
1—1 sk
-J sk
Cl­ sk
ou sk
< sk
sk
_J sk
< sk
M sk
CC sk
E - sk
cO sk
O sk
Q sk
2 sk
cn (H sk
• sk
3T I— s : sk
CO Cu sk
CPv sk
t— O sk
ro sk
in rH UJ sk0 O •"T sk
ro E-h sk
> H sk
O U . sk
2 : O sk
sk
CO sk
2 : E-h sk
O -J sk2: 0 sk
CO sk.. UJ sk
UJ c c sk
E-h sk
<£ _J sk
Q <£ sk
O sk
tH sk
CU sk
>H sk
X E-h sk
m
UJ
-J
CQ<33
E -
UJ
U-i
roro
4.Jo
4-3
roro
XZ
-P
p
a
.p
P T5o ro 
p > 
4_> ro 
ro ro 
0) c x: ro
■P ro 
pa. p> 
c c
■rH C? P
40 O
ro £ 
ro ro 
xz—« n
v_x 
K rHro o 
a > 
c -H
ro rH
f—i «—1
ro -h 
£» E
-P  C  
ro -rHro
xz ro
•rH
c*-l
C CO
U rHo ro 
u c
U  bD
ro -h 
b* C/3
t I
03 XZ
ro *v-r 5k
cn * o *
• sko * t *
OJ sk
CQ *  
CQ *sk 
• • sk
2: *
P3 5k 
CC ;k 
5k
£—1 5k
C/3 *  
UJ *
H  5k
UJo2
<£.
_ J
CQ
E-
<
UJ
CC
I «~ CM ,— CM ,— r— r— CM CM CM CM t— -—
1 O O 0 0 0 0 O O 0 0 0 0 0 0
U
(
1 UJUJUJUJUJUJUJUJUJUJUJUJUJUJ
C 1 00 in b - 0 c n =r rr c n in in < n in CM in
U \ =T in C-— CO vo 5— CM o - c n in 5— vO CO CM
U 1 CO 0 e'­ CM 0 vO c— c n 0 0 t— 0 c n c n
ro 1 CO e n CO c - c n c n *— 5— r- x— vO t—
TU5. I • • • • • * • • • • « • • •
O 0 0 O 0 0 0 0 0 0 O 0 0 0
I c n m <0 m e n c n c n c n c n c n c n c n c n m
-P ! O 0 0 0 0 0 0 0 0 0 0 0 0 0
p  I O I 
l
4-3 tro 1 ro 1 .c I
O Iro 1ro
XZ
u j u j u j u j u j u j u j u j u j u j u j u j u j u j
f— »— 0> O f- c\ ^  ro (\| r- =T m C— E'~ovocMmvocno^Tr-mvocMOCMCX3NlACMnCnO'OOvOOOvO'-ONr-t— 5— T— r— r— r— r— x— t— t— (\J OJ r-
O O O O O O O O O O O O O O
O O O O
C/3
CC
UJ
E-h
UJ
5:
<S
c c
<
a.
o
Cn Cn O
CM
t O O O O
c n c n c n c n c n c n c n c n c n c n 2 : 0 0 0 X— H— <-
0 0 0 0 0 0 0 0 0 0 M
_J ro
l 0  
1
0 0 0 O c
UJ UJ UJ UJ UJ UJ UJ UJ UJ UJ -J r-H 0 1 UJ UJ UJ UJ UJ u
3T «— ,— c— 00 C— c n c n CO vo O ro • H ! t— c n CO vO c n
i n CM c n 33- c n =r C-h- e'­ in C— CC > O l vO CO c n - ’— cf— T- 0 0 t- 0 OO e n x— CO E-< -iH ro t CO CO c n 0 0 c
r— CM CM CM X- CM X--- CM CM x— 2 : P cc 1 OO c n c n X--- <— H-
« • • • • • • • • • O O* ! • • • •
0 O 0 O 0 O 0 O O 0 O UJ 1 0 0 0 0 0 c
w 1
x—
O 0
X—
0 0 0  c
0
ro
I
I UJ UJ UJ UJ UJ l i ­
p CM 1 =r 0 C" X— ve C\
•a O 1 in =r =r vO e—  00 O I t— vO CO CO VC
u I e— CO CO CO CO cc
CL 1 • • • • 0
I 0 0 0 0 0  c
JZt
E
G
O
Cw
O
ro
c
o
4-3ro
u
4-3
Cro
ro cm c o
O
o
roc >
bO £
•H
CO
x— t— r— x— x— T—
11 01 01 0IOI01 C|I
f
1
UJ
I
UJUJ
1
UJUJU
0 IvO CM x— cnzrvC
0 It— VO cne'­ inC\
!cn0 cn en cn
1 X— CM r— CM CM c\
\ • • • • •
1 0 0 O 0 0 c
t— X-- x— T— r—
0 0 0 O O c
UJ UJ UJ UJ UJ u
x— t-~ v O c n 0 -  CC
v O c n t— v O t—  n
5— cn 0 0 CO cv
in c n = r -=r CM O'
• • • • •
0 0 0 O O c
r— x— t— T— X— T-
0 O O O 0 c
UJ UJ UJ UJ UJ u0 e— in C—  =3
vO CO in CO cn vc
CM c n c n c n CM 0
vO vO vO vO vO vC
• • • • •
O O 0 0 0 c
T— t— X— X— r — OJ T— r —•
o o o o o o o o
UJ UJ UJ UJ UJ UJ UJ UJ
roX— e'­*— roincn=r
CO vO enoo o OJ rox—
c— cn cn OJ vo o o cn
CO CO CO cncnx— cn00
• • • • • • • •
o o o o o o o o
=r
X\o
>o
2
2
o
w
H<CQ
X
roui_J
CQCH
UlJwUv
T— t— t— X— T— T- X— X—
oIo1 o1 o1 o1 o1 o1 o11
UJ
1
UJ
1
UJ
1
UJUJUJ
1
UJ
1
UJ
:TvO 00 COe-vO x— CO
vOino o c--vOCOooX— roroe'­cn=T roo
CMOJOJenrocororo
• • • • • • • •
O o o o o o o o
X- I— T— r_T— *—
o o o o o o o o
UJUJUJUJUJUJUJUJ
o OJOJc- e'­o e--rot— ■=ren COcn rocn
o inf-ro vovOo-coroOJOJOJ*— *— OJOJ
• • • • • • • •
o o o o o o o o
t_ f— t— X— f— *—
o o o o o o o o
UJUJUJUJUJUJUJUJ
o m vOo voOJ 0-in
VOroro C'-COcovO
=T OJ»— <— r-cn ro
vOvovOvOvOin vovo
• • • • • • • •
o o o o o o o o
T*“ T— T_ o
o o o o o o o o
UJUJUJUJUJUJUJUJ
o cnT— o o coCO
o roT“ cnvoT— cn
o o o o o t— o cn»— r—T— *— cn
• • • • • • • •
o o o o o o o o
N-/
Jj
J
UJ
ac
C/Jt
UJCJ
<
2
K
2Ui
C/JUJ0000o
J
£UJ
X
t— X— x— x— x- X— x— x— x— X— X— x— X— x—
• ! O i o o o o o o o o o o o
o o
<u 1 UJUJUlUJUJUJUJUJUJUlUJUJ UlUJ
03 ex J ine'­in cn e-COC'— X-inCOcnOJ e-o
-H 3 i e- ojVOOJ vo V— COOJOJo co e^ e co
> o t inencnT— roro ro ininCOOJvO V—*CO
cu I OJOJOJrororo rorororo =r in•=rro
cc l • • • • * • • • • • 0 » • •
o o o o o o o o o o o o o o
c \ r - , - T“ xr— t—
o ! o 1 o o o o o o o o o o o o o•H
4-3 1 UJUJUJUJUJUJUJUJUJUiUJUJ UJUJ
O C/1 t OJCO x— COe-ro vo cn x— 00 COco=rvO
0) w I t- =r C'~r— e— o OJOJOJCOinrocn co
> o ! ro zr=r =r =r ininininin voe— inin
c _1 I «- X— X— t— r— x- x— T— X— X— i— x— X— x-
o 1 • • • • • • • • • • • • • •
o t o o o o o o o o o o o o o o
,_ X— r- 1— r— OJ T~ X—
cA 1 o 1 o o o o o o o o o o o o ov>
•H I UJUJUJUJUJUJUJUJUJUJUJUJUJUJ
4-> 10 1 cninOJin o cn =r OJ r— =T x— COOOin
ra to t cn VOvQvO e^ x- COr— m incn c-•H o I inOJro oOcoo T— x— vOroo cn vo
•o -J ! voC'-e- c- c-e- cocoCOCOcn«— COCO
<0 I • • • • • • • • • • • • • •
cc 1 o o o o o o o o O o o o o o
t— r— X— r— r- X— *_ OJOJOJOJOJ
l o 1 o o o o o o o o o o o o o
iH 1 UJUJUJUJUJUJUJUJUJUJUJUJ UJUJ
(0 10 ! ° roro =re'­ro o «— OJOJ r— e— vo4-3 to 1 r- cnro coen00 =T r— cn oj o t-in oj0 o ! cn vooo oom ro in e'­vo o r— OJo o
H _J 1 r- cooo oo cnen cn cncn X— T“ T“ r—
I • • • • • • • • • • • • • •
i o o o o o o o o o o o o o o
^  4c 
2  4: 
^  * 
co * o * 
• * 
o * 
! * 
C\J *  
X * X * 4i 
4i 
41 
4C 
4t 
* 
m
4C 
4c
41
o  I 
28 ! 
^ i 
•* iUJ I 
O I 2 1
3 I < ! 
® 1
S !
£  I
I »- x— X— t— ,— OJ
! o 1 o o o o o
u 1 UJ Ul UJ UJUJUJ
o I roro=r in=r *-*
u i cncrvO o in=r
u I C"-COO v— OJ o
<u 1 33-OJOJ e^ cn X—
l • • • • • •
o o o o o o
1 roCOCOCOroO'
4-3 I o o o o o o
3 1
o ! UJUJUJ UlUJUJ
1 vo e-COe^ ■=rOJ
43 1 inincnCO x— vo
CO 1 inC--invo C-- cc
<u 1 r- r— X— r* T“ T*1
x: 1 • • • « • i
O O o o o O
roCOCOCOrocv
1 oI o o o o a
c < UJUJUJ UJUl u
-H I =T cne-COcn O'
1 rocnOJvococ-
43 1 'O e— vo oo cCO 1 •-r-T— r— o
<u { • • • • • «
i o O o o o c
■=roo
ca
LO
o
>
o
2:
uj
H<ca
x
ro
UJ_l
CQ<C
E-
UJ
_}
CMO
UJ
CT\
CMO
roO
UJin
o
CM
ro
o
UJvo■=r
CM
CM
CQ
cc
UJH
UJ
s
<s
ex
<
CL.
o
z:
M
_J
►J
oCCH21
oo
r-CMCMCMCM
to 1 O o o O O O O
-p
o
!
1 UJUJUJUJUJUJUJ
o CM I COo o X— COCOin
•oO I o vOvo X— inco x—
o O 1 CO t - CMo o o c—
$- I ooCACA v~ x— X— x-—
Q. 1 • • • • • • •
1 o o O o o o o
o
s CMCMCMX— X— x o
o 1 o O O o o o o
O ( 1 I ! J I I
1 UJUJUJUJUJUJUJ
CfHo 1 =rC-o =r CVJ X— VO
o o 1 caino vO ro CA x~
1 r^ in ro ro f- CMCM
i/i 1 ~J"in ro X—’ ro U- x
c \ • • • • • •
o l o o o o o o o
4->
CO r- o o ✓—.
u o o o o o o o
4-5
C UJUJUJUJUJUJUJ '—
<u X— CACAvOv— COCA
o CM ,— CACMCMo CM 3" ►J
c O CAo O =r t-ino ►J
o oo=r CMx— CAro UJ
o • • • • • • • rn
ts^ o o o o o o o CQI
Ul
.— X— t— X— T— r— X- o
l o o o o o o o <
CO z:
UJUJUJUJUJUJUJ IX
1—1 t-T— o CMCAo o ro
cn o =T COCAc~-rox~ U->
c > vo vOOO 0-voo-bO S VOvOvOvOvOvOvO <c
•rH • • • • • • • M
CQ 1 o o o o o o o >
CQ
o X— o X- X— r— t— UJ
o o o O o o o CQ
o CQ
i—io 1 UJUJUJUJUJUJUJ O
cn•H 1 tA- t-CACAOJvO x— -J
> -P [ roo X— •=rCAroC"-
-<—iCO 1 CAo ino o *— T~ H
D cc co CAi— X— X— X—
cr • • • • • • • UJ
UJ 1 o o o o o o o X
ro
u
<v
CL.3O<D
CC
t o o o o o o o 
t
I UJ UJ UJ UJ UJ UJ UJI in n  ^  co ^  ° ro\ ro ro o vo o co x—I co co *- in o oo( cm CM CM ni ro 3- sr1 • • • • • • •
o o o o o o o
c » X- X— t—■ t— X— X-
o ! o o o o o o o
-H
40
I
I UJ UJ UJ UJ UJ UJ UJo 10 1 X- o- in vO VO X- ■=r
<15 w 1 co <— CM CA ro CO in
> o i = t in in in vO vO 0-
c X-J ! » - t— <— v— X— x— -o I • • • • • • •
o 5 O o o o o o o
x— x— X— X— T— X— CM
c 1 o o o o o o o
o (
•rH ! UJ UJ UJUJUJUJUJ
40 1 <- o vO in CO VO sr
ro to \ in vOCO=rCOCA ro
-H o I zr vOvOCMVO ro o
•o _j \ c— r-C-- COCOCA
ro t • • • • • • ♦
IX t o o o o o o o
T— T"“r—X— CM CM CM
( o  1 O o o O O O
*—i 1 Ul UJ UlUJUJ UJ Ul
ro Vi I CM C- X-X™ CM CO CA
40 m I ro t>-x— roo O
o o CA x- CMco o x— CM
H _j i CO CA CA CA X- X— X—
\ • • • • • • •
1 o o o o o O o
u.
Ta
bl
e 
7.
4 
Pe
rf
or
ma
nc
e 
of
 
in
ve
st
ig
at
ed
 
si
gn
al
s 
fo
r 
st
ea
dy
-s
ta
te
 
te
st
 
co
nd
it
io
ns
 
an
d 
co
ol
in
g 
w
a
t
e
r
 
fl
ow
 
ra
te
 
of
 
=* 
40
.0
 
gr
am
s/
se
c.
CU) o oo oo oo OO oo oo oo oo
. . . • • • • •
PH CM CM CM CM CM CM CM CM
H’ 00 0 r-'*
CO C5S cn T- OO 0
00 o vo LO oo C"- CM 0+-> to H" 0 CM o 0 t— t^- o
• • • • to* O r~ o
<S*» iH .H cn t"- to 0 to to r— i— T-»-0 01
ctJ rt V V V V V V V V X
o
f
r
i
lg
e
o\° o\o o\o o\® ©\® o\° ©\<= ©\o 0
ctJ c3 > > > > > > > > tU)
I/) > £ 0 0 0 0 0 0 0 0 £
13) to to to to to to to CtJ
3 p £
rH o ° V V V V V V V V
ctJ P g
> £ O r^- LO to oo O
O 0 H- vO CM 0 r—■ M- to r— £
O'H ft o CM o 00 cn i— P
£ P  to H- oo cn O LO M-
<D ctJ 0 • • • • • • • • £
£ -H £ t"- cn 0 to T- LO cn cn O O
p  > to r— o •H
X 0 £ i i 1 1 1 1 i i r— P
m  to -h CtJ
X •H>
H 0bfl to
LO LO LO £
04 CM 0 to T— CM 00 0 0
cn LO cn H" CM 0 OO to £ £
o\® vo T— 0 00 cn H" LCJ 0 00 T~ • • CM • • r~ bo £r-H r~ to to to 00 T_ o P £ p
p  0 o CtJ 0 X L
O 0 iH V V V V V V V V T— 0 £ 0
■ 0  0 r£ 0
to P  ctJ ©\« o\® ©\<= ©\° ©\<= o\° ©\® X +1
0 *H > > > > > > > > P P
£ p  £ 0 0 0 0 0 0 0 0 cn o CtJ
H  o cd to to to to to to to to 0 I
ai > V V V V to 0 r£
> Pi V V V V £
O to CM 00 LO LO £ rH 0
0 *H 0 T- T~ 0 cn to to 00 oo CJ •H CtJ rH p
g P  £ to to H- 0 CM LO to to o > xo •H
0 ctS £3 C4 CM oo r-- cn r— to LO P CtJ iH
Jh *H to • • . . • • • • a CtJ 0 rH •H
P > CtJ cn cn to LO CM 0 O) 1— •H 0 £ •H X*
X 0 0 to T— r£ 0 CtJ CtJ
W  to g i i 1 1 1 1 1 1 0 £ > 0
to 0 P CtJ to
£ rH X £
•v CtJ rO 0 CtJ
p P CtJ £
•rH 0 0 LO rH + i
rH oo CM 0 H- 0 oo CM rH •H P•H <£> a> 00 00 H- t"- cn CtJ CtJ O
o\° *§ to vO to OO to 00 H- 0 £ > I
0 CM 00 H" to J— CM bo CtJ Pto • . • . • • • • •H U
€ vO LO o o o r— 0 to I/) to 0 0£ rH P*K P •H XJ to
to CtJ 0
PU £ •H £
P O £
t—v £ Ph CtJ £
to /—\ O I/) > •H
/—\ CtJ to 0
CU) 0 > u h:3 0
£ > £ CtJ £ 0 rH
o CtJ '_t V_• O U X
•H '_/ £ £ U £ CtJ
P £ o o to •H
ctJ o H /-N CtJ £
O E-* < to + I 0 CtJ
•H i i 0 £ >
P p to
•H t—\ /-\ u to r~\ •H k.s P P
P to to /—\ 0 > to £ P o o
£ •H •H to £ CtJ •H i •H
0 e & CtJ £ f—\ v_/ £ rH iH £ £
to \_/ V—/ 0 O bo iH \_/ rH •H o o
IH rH «H £ U > rH rH 0 X •H •H
iH rH v_/ v_/ CtJ 0 rH rC! CtJ P P
to 0 0 £ z '_/ r£j 0 tn 0 CtJ CtJ
rH r£ 0 o o £ V) Xi E- CU) •H •H
CtJ (0 to H H u H tn V._/ £ > >
p: H E-* < < H < H r-|CM CtJ 0 0
CU) U rCJ Ti
•H I I I I I I l I
CO «N» c>P o\©
*- CM to H- LO 0 00 cn
Z Z Z Z Z Z Z Z
CD CD CD CD CD CD CD CD
IH IH IH IH IH IH IH IH
CO co cn cn cn cn cn cn
ctJ
£
to
•H
tO
O
£
P
£
ou
p
o
obo
aaj
£
Ta
bl
e 
7.
5 
Po
si
ti
on
 
of
 
th
e 
eq
ui
va
le
nc
e 
ra
ti
o 
fo
r 
pe
ak
 
em
is
si
on
 
in 
th
e 
f
u
rn
ac
e u to
p rH /— V CO vO 00 LO
A 4 0 0 VC T- to to 0 0 CM
CCj *r- 4-) r-- CO r— 0 0 0 0 O
0 O  4-> CO • • • • • • .
P-4 *r- 0 t- O T— t— r— ,— ,— ,—
m  e  v— '
0
/— \ 00
f-t CxO CTS to LO CM to CM b-
0 -H O vO VO r~~ O CM CM 0
■P > CO O <0 O O O 0
a m n d  o» • • • • • • •
0 aj ai r— 0 T- 0 T- 1— r— ■ ,—
•H
V)
to
•ri
6
0
V  ^ to
ai P^ W)oo CM OO vO to
0 0 nd vo to VO C- OO OO CM CO
CP +-* *H co CO O CO CO cn O CO
M-i Pt T- • • • • • • •
rt'dv-/ 0 T— O 0 0 T— 0
O
U
00
CM
rH CM LO 00 00 T—
ai to OO vO CM LO 00 CO
P! CO 0 CO O CO CO CO
bO .•> • • • • . .
•H 0 T— 0 T- 0 0 0
C/D
. >
PU
s
0
■M
CO T- CM 00 CM CO
4-> to LO O 0 M- M-
aj CO to CM M- to ,— -©-
Ph 0 • • • • . .
•H rP! r— LO —^ O t'-
cci 0 t''- 0 r— to LO VO 0
Pi vo OO co 00 00 00 bo
Pi Oh aj
0 Pi
•H 0
4-> >
CO aj
3 0  O
rO +-> 0 LO LO LO rH
B r t  co r— CM CM to to 'tf’ rH
O O 0 O 0 0 0 aj
CJ £tO • • • • • ♦ Pi
0  S O 0 O 0 0 0 0
rH >
O
4.30_
4.10
3.90
3.70.
3 .50.!
Fig.
12
CD
10:
-#■
CD
CD
-2
10.608.80 10.008.20
_ _ _ _ _ _ _ _ _ _ + Signal8 mV
 x *02
_ _ _ _ _ _ _ _ _ _ o *C0
_ _ _ _ _ _ _ _ _ _ * *C02
7.1 SIGN8 8c COMB,PRODUCTS C0N(TS vs. EQUIV. RATIO;(BB2-0.015)
<f> = 1.006 
% 02= 3.68 
% CO= 0.021 
%C02= 9.8
1. cooling water flowrate - 40 grams/sec.
2. Signal 8 is in millivolts ambient compensated
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Fig. 7.2SIGN8 8c COMB,PRODUCT'S CONtTS vs. EQUIV. RATIO;(BB2-0.02)
<$> = 1 .052
% o2 = 1.1
% CO = 0.2008 
% C02= 9.3
1. cooling water flowrate - 40 grams/sec.
2. Signal 8 is in millivolts ambient compensated
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_ _ _ _ _ _ _ _ _ _ x *C02
7 . 3  SIGN8 8c COMB,PRODUCT'S C0NC*S vs. EQUIV. RATIO;(BB2-0.025)
<f> = 1.015
% 02 = 3.2 
% CO = 0.032 
% C02= 9.8
1. cooling water flowrate - 40 grams/sec.
2. Signal 8 is in millivolts ambient compensated
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Fig. 7.4 SIGN8 & COUB.PRODUCT'S CONC'S vs. EQUIV. RATIO;<BB2-0.83(a»
(j) = 0 . 955
% 02 = 3.8 
% CO = 0 . 0212  
% C02= 8. 45
1. cooling water flowrate ~ 40 grams/sec.
2. Signal 8 is in millivolts ambient compensated
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g. 7 . 5  SIGN8 8c COMB.PRODUCT'S CONC'S vs. EQUIV. RATIO;(BB2-0.03(b))
<J) =1.01
% 02 = 2.65 
% CO = 0.027 
% C02= 9.78
1. cooling water flowrate = 40 grams/sec.
2. Signal 8 is in millivolts ambient compensated
20_
00
80
60
40.
21
CDHHI--<O't—
LU 10
21
CD
CD
.91 1 .01 1 . 1 1 1 .
EQV.RATIO
Signal8 mV 
*02 
*C0 
*C02
Fig. 7.6 SIGN8 fc COMB.PRODUCT*S CONC'S vs. EQUIV. RATIO;(BB2-0.035)
= 1..01
°2 = 3., 4
CO = 0.,0242
C02 = 8.,6
1. cooling water flowrate - 40 grams/sec.
2. Signal 8 is in millivolts ambient compensated
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Fig. 7.7 SI6N8 8c COflB.PRODUCT'S CONC'S vs. EQUIV. RATIO;(BB2-0.04)
<j> = 1 .00
% 0 2 = 2 . 4 2  
% CO = 0 . 0 3 8
C02= 8 . 5
.15
1. cooling water flowrate - 40 grams/sec.
2. Signal 8 is in millivolts ambient compensated
220_
210.
200
190.
180J
Fig.
CO
_l-<
2 :
CD
i—i
CO
3 . 8 0
3 . 6 0 J
.75 .95.85 1 .05 1 .25
EQUIV. RATIO
_ _ _ _ _ _ _ _ _ _ + Control Signal 8 (mV)
 _ _ _ _ _ _ _ * AVAI HTjKW-HRjgas emis=.6(60DRID6E 1968)
_ _ _ _ _ _ _ _ _ _ * AVAI HTjKV-HRjgas emis per HA0VI6 1970
7.8 HEAT RELEASE EFFECT ON SIGN8 Vs. EQUIV RATIO;(air=0.015M3/s)
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* AVAI HT;KV-HR;gas emis=.6(G0DRIDGE 1968)
AVAI HTjKW-HRjgas emis per HADVIG 1970
Fig. 7.9 HEAT RELEASE EFFECT ON SI6N8 Vs. EQUIV RATIO;(air=0.0203/s)
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Fig, 7.10 HEAT RELEASE EFFECT ON SI6N8 Vs. EQUIV RATIO;(air=0.025M3/S)
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 _ _ _ _ _ _ _ * AVAI HT;KW-HR,*gas emis=.6(GODRIDGE 1968)
_ _ _ _ _ _ _ _ _ _ o AVAI HTjKV-HRjgas emis per HADVIG 1970
7.11 HEAT RELEASE EFFECT ON SIGN8 Vs. EQUIV RATIO;(air=0.03N3/s)
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Fig. 7.1a  HEAT RELEASE EFFECT ON SIGN8 Vs. EQUIV RATIO;(air=0.035M3/S)
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7.13 HEAT RELEASE EFFECT ON SIGN8 Vs. EQUIV RATIO;(air=0.04H3/s)
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Fig. 7.14 FURNACE-EFFICIENCY t SIGN8 Vs. EQUIV.RATIO;(air=0.015M3/S)
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Fig. 7.15 FURNACE-EFFICIENCY t SIGN8 Vs. EQUIV.RATIO;(air=0.02H3/s)
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Fig. 7.16 FURNACE-EFFICIENCY t SI6N8 Vs. EQUIV.RATIO;<air=0.025f13/s)
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Fig. 7-17 FURNACE-EFFICIENCY 8c SIGN8 Vs. EQUIV.RATIO;(air=9 .0 3 M 3 /S >
.25
P.
U.
 
EF
FI
CI
EN
CY
X10” 1
3.40, 7.40
oo
toI—I
to
3 .20:
3.00
2.80.
2.60
2.40J
7.20
7.00:.
6.80-
6.60-
6.40
1 .05 1 .15
EQUIV. RATIO
+ Control Signal 8 (mV)
x p.u. EFPiciency;(Hottel 1974)
Fig. 7.18 FURNACE-EFFICIENCY t SIGN8 Vs. EQUIV.RATIO;(air=0.035H3/s)
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CHAPTER 8
CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK
1. A spherical gross heat flow meter (GHFM) with linear charac­
teristics has been developed. Thejmeter. monitors millivolt 
control signals generated by heat emission from combustion 
processes in furnaces.
2. The heat flow meter can monitor the heat emission from com­
bustion processes either in the steady-state or transient 
modes. The monitoring signal of the GHFM is based on the 
average of the temperature variation of the heat flux re­
ceiving surface of the instrument. This monitoring and con­
trolling signal is the average of readings of a number of 
identical embedded thermocouples within the spherical shell 
of the GHFM, which are evenly distributed around the shell. 
The GHFM can also be used as a research tool to provide 
experimental evidence for combustion research. The steady- 
state error was found to be a function of the heat losses 
from the heat flow meter. Cooling water fluctuations also 
add a thermal lag error, which depends on the quantity and 
properties of the thermal mass of meter material as well as 
its geometry and design.
3. Cooling water is supplied to the GHFM to act as its heat 
energy sink, the water flowing through a spherical annulus. 
Our GHFM is based on a constant cooling water flowrate for 
a specified furnace, but the instrument can be used in all 
gas-fuel fired furnaces, provided that the heat sink capacity 
of the meter is set to meet the individual requirements of 
furnaces. The cooling water flowrate can be manipulated to
damp down the control signal as well as its magnitude.
4. The GHFM has an average gross time constant of 97.4 seconds, 
of which 37.2 seconds is its averaged thermal lag time; thus, 
its refined time constant is 60.3 seconds. Although this 
time constant looks excessive, improvements can be obtained 
by machining the spherical shell of the GHFM to a lesser 
thickness (i.e. less than 6 mm). Possibly within a fraction 
of this time constant, the magnitude of the generated con­
trol signal may be sufficient to activate future envisaged 
micro-processor based controllers. Thus, the time constant 
of our GHFM is believed to create no drawbacks to transient 
operations. Added to that is the fact that the thermal 
masses in furnaces form a powerful control device to dampen 
all fast input functions to furnaces to a much slower and 
gradual effect (such a step input function will be of a ramp 
effect).
5. Our GHFM’s capability to discriminate between sources of 
different levels of heat flux emission gave rise to a belief 
that it could offer a basic approach to develop this instru­
ment to monitor the heat flux emissions from each of the burner 
in a multiburner combustion chamber simultaneously. This 
development could be based on designing independent groups
of thermocouples within the GHFM receiving surface such that 
each group can form a thermopile. The exploitation of such 
a GHFM system is recommended in the future.
6. The prediction of the average heat transfer coefficient of 
the boundary film between cooling water and the inner surface 
of the spherical shell of the GHFM is an important factor in 
the estimate of the local average temperature or heat flux
of the environment of a furnace. An empirical correlation 
was established for our standard cooling water flowrate of 
40 grams/sec. The correlation would assist in expanding the 
application of the GHFM in future furnace research and de­
velopment. The correlation includes the bounding radii of 
the annulus, and is:-
Nu = 11671 [ (Re)'-0'861*5 (Pr)1^ ] R j o  ~ R o i  
^io + ^oi
0.2 91
its range of % error is -3.5 < % error < 5.00
for 370 < Re < 730 and 7.0 < Pr < 14.0
The GHFM was found to be not suitable for monitoring the 
generation of heat energy levels during the first 37 seconds 
after its introduction to a furnace or from a cold start of 
a furnace either. This delay is caused by the thermal mass 
of the GHFM. Thus, the GHFM is not expected to be used for
the generation of a reliable control signal for an initial
37 seconds of its operation. It is believed that this phe­
nomenon would not be a serious drawback in the performance 
of the GHFM.
Ash deposition on the receiving surface of a GHFM (Neal et 
al. 1 980), and the difference between the emissivity of the 
GHFM and that of the load-tubes of a furnace (Morgan 1974) 
should present no difficulty in utilizing our meter for any 
fossil fuels, so long as the meter is used in a peak-seeking 
combustion controller.
In the past, workers (Thring 1962) have utilized the rise 
in the temperature of the cooling water in heat flow meters 
as a calibrated measure of the amount of heat flow. This 
was found to be applicable if the mass flowrate of the cooling
water is maintained constant and the furnace is at steady- 
state operating conditions. Any variation in either the 
cooling water flowrate or the steady-state conditions of the 
furnace introduces error in the calibration of the tempera­
ture rise monitoring signal. Both signals of temperature 
rise and of heat energy absorbed by cooling water are unre­
liable in transient conditions.
10. Including the effects of preheat and the degree of mixing of 
the comfiustion reactants, the heat energy losses from the 
furnace via its shell to surroundings, etc., the GHFM dis­
played a peak signal for the equivalence ratio $. in the range 
of 0. 955 < <f> < 1.015 with an average value of 4> — 0 . 985 . 
Excluding these effects for North Sea gas combustion with 
air at atmospheric pressure, a peak at a position of equiva­
lent ratio of $ - 0.96 -> 0.98 is displayed. The 1.5% deviation 
of the GHFM peak signal towards the lean side of that of 
natural gas mixture is a natural phenomenon, since only the 
stated effects were encountered in defining the position of 
the peak of the GHFM control signal. When these effects were 
implemented in calculating the heat energy emission in the 
furnace, the peak of the control signal of the GHFM fell to­
wards the lean side of the position of the peak of the cal­
culated heat energy emission by an average value of 0.21%. 
This percentage became higher when the assumption of homo­
geneous gas and black-body system in two other approaches 
showed an average error of 1.65% and 3.23% towards the lean 
side of the calculated peaks. This emphasizes the reliabi­
lity of the GHFM. The GHFM monitors the actual optimal 
occurrence of the heat energy level in a furnace, and allows 
for any extraneous factors affecting the position of the
equivalence ratio at which the optimal performance of the 
furnace operation can occur; i.e. heat losses, reactants 
preheat, degree of mixing, entrainment, variation of ambient 
conditions, etc. These facts emphasize that the GHFM can 
make a reliable transducer to be integrated in apeak-seeking 
control system package for the optimal control of furnace 
operation via the control of the reactants ratio of fuel/air. 
Perturbation may prove to be necessary for a successful peak- 
seeking, control package. Deposition nay. become significant 
for liquid or solid fuels. The successful integration of 
the GHFM with a peak-seeking optimal combustion control 
package is an area still open for future development. A 
microprocessor controller based on the implementation of 
perturbation for one of the reactants may prove suitable.
The successful industrial tests of the GHFM were conducted 
in a pilot plant sized natural gas fired furnace with a re­
cuperative burner. This provided evidence that the GHFM can 
monitor the performance of any gas burner encountered in 
industrial furnaces, and it could be positioned anywhere 
within a zone of complete combustion for the purpose of 
providing a control signal to a peak-seeking optimal combust­
ion controller.
The GHFM is a practical instrument in that it is simple, 
robust, and easily installed on existing burners. It could 
be mass-produced and installed anywhere within a furnace 
environment.
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APPENDIX IV
IV-1. Manometric Calibration Unit
The preparation of measuring loops and individual devices 
need to be calibrated and standardised before they are put in 
service, as well as during their operation. For this a cali­
brating rig was constructed. It consisted of two 4 mm diameter 
glass tubes mounted vertically along which two scales were 
attached. The scales were graduated in units of mercury and 
fluid of 0.8 sp. gr. heads, respectively. The lower ends of 
the glass tube were designed to accept the mounting of a 
vernier such that the zero position of either of the fluid 
heads could be set via the vernier. The lower end of each 
tube was bent to form a small leg of a U-tube which was con- . 
nected to a nipple in the lower side of a perspex reservoir 
which contained the calibrating fluid. The upper nipple of 
the reservoir was connected to a regulated instrument air 
supply as well as to the instrument or loop which is to be 
calibrated. Two reservoirs were constructed, one for each 
of the calibrating liquids. The free ends of the glass tubes 
were vented to atmosphere. One calibrating glass tube (fluid) 
was capable of ranges of instrument or output control signal 
calibration of up to 1250 mm of water head. The other was 
capable of calibrating a pneumatic signal of up to 2 bars 
(mercury filled).
IV-2. Programmed Start-up and Safety
A Honeywell flame safeguard programming controller R4341 
was used,to supervise start-up. Lighting up proving signals 
were generated by pressure switches on the gas and combustion
air to purge or prepurge the furnace. After 38 seconds power 
is supplied to an ignition transformer which activates the 
spark ignition. 43 seconds later, the controller activates 
the pilot solenoid valve and thus the pilot should light up 
(if normal) within 4.5 seconds. The ignition transformer will 
then de-energise. If ignition is achieved, a signal from the 
ultra-violet flame detector will be an input to the controller, 
which in turn, activates the solenoid valves of the main gas 
supply line. Thus, the furnace is put in operation. The 
fuel to air ratio controller takes action at this stagey but 
since it was idled the desired ratio will have to be set 
manually (Sections 3.2.1 and 3.2.2). All controllers are 
console mounted.
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APPENDIX VII 
Reaction Steps in the Oxidation of Methane
Experimental studies (Fristrom et al. 1965) have indi­
cated the presence of three phases of the CH4~02 reactions 
in flames; these phases were:
1. Depletion of CH4
2. Formation of H20, CO, H2C0, H2
3. Conversion of CO to C02»
Table VII.1 lists the reaction steps that may represent 
the most noticeable reaction scheme of methane (Karim et al. 
1972). The complexity involved can be appreciated by study­
ing the reactions in Table VII.1, which are only some of
those involved in a simple system involving CH4.
Table VII.1 The Reaction Steps in the Oxidation of Methane
1 . CH4 + OH CH3 + H20
2. CH4 + H -f- c h 3 + H2
3. c h 4 + 0 -f- CH3 + OH
4 . c h 4 CH3 + H
5. ch4 + 02 c h 3 + h 2o
c h 4 + h o 2 c h 3 + h 202
7V. c h 3 + 0 H- H2C0 + H
8. CH3 + 02 -*• H2C0 + OH
9. H2C0 + OH -f- HCO + H20
10. HCO + OH -f- CO + h 2o
11, CO + OH ■f C02 + H
12. K2 + OH -f--* H2° + H
13, H + 02 -f- 0 + OH
contfd.
Table VII.1 cont’d.
14. h 2 + 0 + H + OH
15. h 2o + 0  + OH + OH
16. H + H + M t H2 + M
17. 0 + 0 + M t 02 + M
18. O + H + M t OH + M
19. H + OH + M t H20 + M
20. H + 02 + M t H02 + M
21 . H202 + M J OH + OH +
22. H02 + H02 $ H2°2 + °2
23. H 202 + H t H20 + OH
24. °2 + H2 * OH + OH
Reaction (1) is a major source of H20 formation. The path for 
CO formation is uncertain. It is formed through CH^ breakup, 
probably via reactions (8, 9 and 10). Reaction (7) is believed 
to be a larger producer of H2C0 than reaction (8), and is thus 
important for CO production. The conversion of CO to C02 is 
represented, solely by its reaction with OH, according to 
reaction (11). Reactions (12 to 24) are necessary to propagate 
and branch the reaction, and to generate the radicals essen­
tial for the other reactions (Fristrom et al. 1965).
Typical results of the computed concentration profiles 
were obtained by Karim et al. (1972), and are shown in Figs. 
VII, 1 and VII,2, There was a rapid increase in the concen­
tration of species, such as 0, H, H2, OH, H02 and H202, with 
an almost simultaneous depletion of CH4 followed by an increase 
in HCO, H2C0 and CHj, This was characterized by the tempe­
rature rise shown in Fig, VII.3. In these calculations, Karim 
et al. (1972), considered only 14 of the reactions in Table
VII. 1, and the reaction induction time was compared by the 
'empirical correlation for the induction time which was pro 
posed originally by Seery and Bowman (1970). In fact, at 
least 15 species and over a hundred reactions are possible 
in CH4 -O2 combustion (Frinston 1963).
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Some Continuous Functions for Equilibrium Constants of a
Hydrocarbon Flame
Some of the continuous functions to determine the six 
equilibrium constants (K1 to K6) were used by various investi-
£>\ e £\Vj\ O)
gators. Notably those of Karim et al. (1972) over a tempe­
rature range of 1200 to 23QQ K, with a pressure range of 1 to 
100 atms., and a feed mixture strength from just beyond the 
stoichiometric ratio to an excessively rich mixture up to the 
carbon formation boundary. The following equation was used for 
the interpolation of the equilibrium constants;
loge K = 4  log^ T + T + ^  T* ♦ ^  T 3 
1 . £' 1 iHsor T 5 - d t  -   (VIII. 1). 30IT . R* ITT
The constants (a*, b 1, c', d 1, e 1 and ff) were determined by 
a computer programme using the known tabulated constants for 
its input.
Miller et al.'s (1972) investigation "on natural gas to 
assess its flame temperature in the region of lean mixture to 
stoichiometric ratio. By utilizing the known constituents of 
natural gases the net calorific values were evaluated, also 
from data in the literature relating the heat content of 
individual gases at various temperature levels, using a computer 
programme to curvefit those data. He used nine different 
natural gases whose net calorific values ranges from 30 to 40 
std', with stoichiometric air, and obtained;
V°wet " °- 2848 CN + °*8675 ..... (VIII.2)
V0dry = 0,2365 CN + 0. 5502 ............  (VIII. 3)
Voa = 0 .2753 CN + 0. 1533 . ..........  (VIII.4)
When excess air was used for combustion the percentage 
air in combustion gas was estimated by;
v. = — ----- 2— Qj, x iQo where n T = —
A v voa
°actual
where Vo . = theoretical volume of wet products of com- we t
bustion/volume of fuel gas
V0dry = theoretical volume of dry products of com­
bustion/volume of fuel gas
V0actual = actua-^ volume of wet products of combustion/ 
volume of fuel gas
V0a = theoretical volume of air required for com­
bustion/volume of fuel gas
V_ = actual volume of air required for combustion/
a
volume of fuel gas 
n* = excess air factor
3
= net calorific value, MJ/m std fuel gas 
v^ = percentage air in product gas of combustion.
His calculation of the flame temperature was based on a 
trial-and-error procedure involving two graphical represen­
tations of the data; one of the graphs was an H-T, while the 
other was to give the proportion of the net calorific value 
which has been lost due to dissociation and gives the amount 
of heat which has to be balanced by the heat content of the 
combustion gas at the flame temperature which was being in­
vestigated. The inherent assumption which was made was that 
dissociation has no effect on the system up to 1300°C.
Miller et al. (1972) gave the following variation of 
equilibrium constants from the curvefit programme;
log K, = -4.81 + 4.48 x 10'3 (T-1300) + 9.44 x 10'6 
e i
(T-1300)2 - 4.58 x 10"8 (T-1300)3
+ 8.16 x 10~n  (T-1300)11 - 6.72 x 10'111 (T-1300)5
+ 2.1 x 10-17 (T-1300)6 (VIII.6
log K, = -5.35 + 5.9 x 10'3 (T-1300) - 7.91 x 10'6(T-1300)2
6 "
+ 1.67 x 10'8 (T-1 300) 3 - 2 . 37 x 1 0" 11 (T-1 300)11
+ 1.7 x 10"111 (T- 1300) 5 - 4. 7 x 10"18 (T- 1300) 6 (VIII.7
log K3 = -6.07 + 1.5 x 10-2 (T-1300) - 9.41 x 10"5 (T-1300)2 
+ 3.66 x 10‘7 (T-1 300) 3 - 6.78 x 10'10 (T- 1 300)11 
+ 5.79 x 10'13 (T-1300)5 - 1.84 x 10'16 (T-1300)6 (VIII.8
log K4 = -4.48 + 5.92 x 10'3 (T-1300) - 9.94 x 10'6 (T-1300)
+ 2.18 x 10"8 (T-1300) 3 - 2.96 x 10“ u  (T-1300)11 
+ 2.02 x 10'111 (T-1300) 5 - 5. 39 x 10"18 (T-1300)6 (VIII. 9
log K- = -4.95 + 3.71 x 10‘3 (T-1300) + 1.02 x 10'5 (T-1300)2V J
-4.31 x 10‘8 (T-1300) 3 + 7; 09 x 10"11 (T-1300)1
-5.47 x 10“111 (T-1 300) 5 + 1 .61 x 10'17 (T- 1 300) 6 (VIII.1
log. Kg = -2.29 + 2.21 x 10'3 (T-1300) - 2.39 x 10'6 (T-1300)2 
-3.43 X 10"10 (T-1300) 3 + 5.38 x 10'12 (T-1300)11
-5.28 x 10'15 (T-1 300) 5 + 1 .55 x 10'18(T-1300)6 (VIII.1
Although Miller's method (1972) involves trial-and-error 
procedure which depends on the accuracy of using two graphs
of Figs, VIII,1 and VIII,2, the method offers a useful tool
to compare the estimated value of Tp in Equation (6.44), and 
in .'obtaining the increase in the adiabatic flame temperature 
when dissociation was assumed as absent (see section 6,3.1).
Davies et al, (1969) presented tabulated values of the
composition of a typical North Sea natural gas with the 
following data;
Gross calorific value (GCV) = 38.61 MJ/m^ (std)
Net calorific value (NCV) = 34.84 MJ/m^ (std)
NCV/GCV = 0.9
Specific gravity = 0.586
Stoichiometric air/fuel ratio
std vol/std vol =9.76
Stoichiometric std. 
std. vol. fuel
vol.products/
= 10.79
Table VIII.1
t
Excess air % 
100 xa
(M^(std)/gross CV) 
of products
Ta p \adiabatic 
flame temp. K
Stoichiometric 0.2795 2220
10% 0.3046 2139
20% 0.3300 2039
50% 0.4056 1772
From a polynomial curvefit, both CV ratio per unit and
the adiabatic flame temperature were expressed in terms of per 
unit excess air (x&); these are presented in Appendix VI.
The effect of excess air in the process of a hydrocarbon 
combustion on the adiabatic flame temperature and the ratio 
of the standard volume of the product gases in M (std) to their
I
gross calorific value may be appreciated from Table VIII.1.
ooo
cb
o
co
o wQ „
o
o
o
r*
o«<>
e»
o\
o* CM
o<
o oo , o
o
oo oo oo
9 11 IX* Uk/ ^
rw
o
o
O  o 
o  o.
c.
O
o
1.7
o
o
rio
a n jiv t o ijr . io jo j
•Jl.*cUjOtUU,{J
Fi
g.
 
V
I
I
I
.
2 
Pr
op
or
ti
on
 
of
 
ne
t 
ca
lo
ri
fi
c 
va
lu
e 
Fi
g.
 
V
I
I
I
.
1 
H-
T 
di
ag
ra
ms
 
(e
ff
ec
ts
 
of
 
di
s-
 
lo
st
 
du
e 
to 
di
ss
oc
ia
ti
on
. 
so
ci
at
io
n)
 
(M
il
le
r 
et
 
a
l
. 
19
72
) 
Pl
ot
te
d 
in 
a 
fo
rm
 
to 
us
e 
wi
th
 
F
i
g
.
V
I
I
I
.
1 
(M
il
le
r 
et
 
a
l
. 
19
72
)
EXAMPLE VII1.1
A numerical example is considered for a natural gas having 
a net calorific value of 34.84 MJ/m (std.). To determine the 
flame temperature when there is an excess air factor of, say 
1.1, then:
For stoichiometric conditions
wet products of combustion, VQ  ^ = (0.285 x34.84) + 0.87
=10.8 vols/vol. 
dry products of combustion, V0 £ry = (0.237 x34.84) + 0.55
= 8 . 8k1 vols/vol. 
air required for combustion, V_ _ = (0.275 x34.84) +0.15
O c l
=9.73 vols/vol.
with an excess air factor n = 1.1
VA = (V ' Y° * 100 
o actual
0.1 x 9.73 
= ----   x 100
10.8 + 0.1 x 9.7 3 
= 8.2651
From Fig. VIII.2, we may assume an approximate initial flame 
temperature of 2000°C and this gives a factor for
flame heat 
----------   = 0.956
net calorific value
flame heat = 0.956 x 34.84 = 33.31 MJ/m3 (std.)
If 2000°C is the correct flame temperature, then this value
of flamq heat divided by VQ actua  ^ would equal the value from
Fig. VIII.1.
flame heat _ 33.31 _ 0 0>7 „ T/ 3  ^ ^- _ _  _ ------  _ 2.83 MJ/m (std) combustion gas.
v o actual 11.773
But from Fig. VIII.1, wlame heat = 3.118 MJ/m3 (std) combust
o actual
gas at 2000°C
Thus, the value of 2000°C is too high and a lower value has 
to be assumed of, say, 1800°C.
From Fig. VIII.2
flame heat 
  --------  = 0.985
net calorific value
.’. flame heat = 0.985 x 34.84 = 34.31 7 MJ/m3 (std)..
flame heat 34.317 0 *,T/ 3
~ ~ IStQJ
at 1800“C
rr = 2.915 MJ/m (s d) combustion gas
vo actual ' . .  0
From Fig. VIII.2,
flame- .heat _ 2.748 MJ/m3 (std) combustion gas
vo actual
By graphical interpolation, the correct flame temperature is 
hence 1865°C.
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SUMMARY
There are only a few means whereby man produces the abun­
dance of power with which he dominates his environment, and al­
most all of them, at present, involve the combustion of fossil 
fuels. The "energy crisis" is first and foremost a "combustion 
crisis". If engineers could burn fuels much more efficiently, 
then mankind’s energy shortages would be greatly alleviated.
Flame control, or tailoring a flame to its associated com­
bustion chamber (Moles 1974), is the first requisite for effi­
cient combustion, and, over the last decade, the Fuels and 
Energy Research Group at the University of Surrey have pioneer­
ed the application of such techniques to rotary kilns, incine­
rators, flares and melting furnaces. The second requirement 
for highly efficient combustion is the use of some kind of 
flame sensor which can monitor the rapidly fluctuating condi­
tions within an average combustion chamber, to produce signals 
which can control and then optimise combustion efficiency.
The ultimate aim of this ten year research programme is 
to control the gigantic pulverized coal flames used in the 
world’s power and cement industries. However, for the initial 
stages of the work described in this thesis, the simpler pro­
blem of controlling a gas flame in a purpose designed, pilot 
plant scale, recuperative furnace was tackled. Although the 
furnace was constructed within the University’s laboratories, 
it was sufficiently large to be representative of industrial 
scale practice.
Any transducer for combustion plant use has to be univer­
sally applicable, relatively simple, robust, reliable, and 
above all, easily fitted to an existing burner installation.
To achieve these criteria, a novel, spherical gross heat flow 
meter (GHFM) was developed. The water-cooled stainless steel 
shell was relatively small, 70 mm in diameter, and the unit 
was designed to generate up to nine control signals for invest­
igatory purposes.
Initial experiments on the performance of this spherical 
heat flux meter were carried out, using a 3 KW laboratory, 
electric, boxlike muffle furnace and an electrical network 
analogy was developed to yield a simple theoretical analysis 
of this system. The effects of different radiative emission 
levels and thermal masses of the furnace were investigated at 
this stage and found to be of some significance.
It was possible to generate nine signals from the heat flow 
meter. The signal which was generated by the thermopile of the 
GHFM’s receiving surface was found to be suitable for all modes 
of operation in furnaces -namely Signal 8. All signals were 
found to be suitable for steady-state operation . The
principle of the operation of our meter is based on Signal 8.
The variation in the generated output millivolts of Signal 8 
was dictated by the heat energy movement of the system inua gross 
manner . A linear relationship was found to govern the gross 
heat energy movement and the generated millivolts of Signal 8.
The measured response of Signal 8 to a step input signal 
was found to compare very well with its corresponding values, 
which were predicted from the electrical analogy simple model. 
This approach was based on gross manners. The range of this 
response was 2.0 < t < 6.5 minutes approximately. When the
o
effect of the thermal mass of the furnace was minimized, an 
average gross time constant of 1.623 minutes (including effects 
of the thermal delay and conduction loss of the meter), and an 
average net time constant of 1.005 minutes (excluding thermal 
delay of our meter) were obtained approximately.
The meter was not found suitable for monitoring the gene­
ration of heat energy level during the first 37 seconds after 
its introduction to a furnace nor from a cold start. This is 
caused by the initial thermal delay of the instrument. It is 
believed that this delay causes no serious drawback in the per­
formance of the GHFM.
For our standard cooling flowrate of 40 grams/sec., an 
empirical correlation was established. The correlation may be
used to predict the average heat transfer coefficient of the 
boundary film between cooling water and the inner surface of 
the spherical shell of the GHFM. The correlation includes 
the bounding radii of the annulus and is:-
Nu = 11671 [ (Re)’0-861*5 (Pr)1/3 ] + Rq110 ^oi
C1291
Its range of % error is -3.5 < % error < 5.0 
for 370 < Re < 730 and 7.0 < Pr < 14.0
The industrial tests of the GHFM were conducted in a pilot 
plant sized natural gas fired furnace with a recuperative burner. 
The tests have shown that the GHFM displayed a peak signal for 
the equivalence ratio <j> in the range of 0.955 < <j> < 1.015 with 
an average value of <j> =< 0. 985. For these tests, the effects 
of preheat, the degree of mixing of the reactants, losses, etc. 
were included. Excluding these effects, for North Sea gas com­
bustion with air at atmospheric pressure, a corresponding peak 
at a position of equivalence ratio <j> -0.96 +0.98 is displayed.
The deviation of the GHFM’s peak by 1.5% towards the lean side 
of that of natural gas mixture was a natural phenomenon. The 
GHFM monitors the actual position of the peak, and allows for 
any extraneous factors. These tests provided evidence that the 
GHFM can monitor the performance of any gas burner encountered 
in industrial furnaces, as it is robust, reliable, and most 
probably it can be implemented successfully in a peak-seeking 
combustion control package.
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FILE: FLAME.FTN DATE: SUN, AUG 26 1984
THIS PROGRAM EVALUATES THE ADIABATIC DISSOCIATION FLAME 
TEMPERATURE AND THE CONCENTRATIONS OF STABLE & FREE 
RADICAL SPECIES AT EQUILIBRIUM WITHIN THE FLAME ENVELOPE
THE FOLLOWING EQUILIBRIUM RELATIONSHIPS ARE CONSIDERED:
C02OC0+(0.5)02 
H20OH2+(0.5)02 
H20O(0.5)H2+0H 
(0.5)H2OH 
(0.5)0200 
(0.5)02+(0.5)N2ON0
THE FOLLOWING ASSUMPTIONS HAVE TO BE MADE:
i) THERE IS ALWAYS ENOUGH OXYGEN IN THE SYSTEM TO CONVERT 
ALL THE CARBON AT LEAST TO CARBON MONOXIDE.
C ii) THE FLAME ENVELOPE IS PERFECTLY MIXED i.e.,MIXING EFFECTS 
C WHICH USUALLY PRODUCE TEMPERATURE & CONCENTRATION GRADIENTS 
C WITHIN THE FLAME , ARE ABSENT.
C iii) THE FLAME ENVELOPE ATTAINS EQUILIBRIUM CONDITIONS (this 
C may not be true especially for NO formation , as this is
C formed by a relatively slow process).
C
DIMENSION C0(3,*O,C02(3,2O,02(3,*O,H2(3,M),H20(3,i4),0H(3,4),
+ H(3,4),0(3,4),AN0(3,4),AN2(3/),R1(3,5),R2(3,5),
+ R3(3,5),RM(3,5),R5(3,5),R6(3,5),FINFI(30),FINFL(30),
+ PPCO(30),PPC02(30),PP02(30),PPH2(30),PPH20(30),
+ PPOH(30),PPH(30),PPO(30),PPNO(30),PPN2(30),NAMFL(20)
C
WRITE(2,19)
19 FORMATOH /If you require a graphical representation of temp.1) 
WRITE(2,21)
21 FORMATOH ,1 & composition in the flame , you must investigate at1) 
WRITE(2,22)
22 FORMATOH /least eight FI values/)
WRITE(2,23)
23 FORMATOH /If you wish to modify data file accordingly1)
WRITE(2,13)
13 FORMATOH /enter 1 to halt prog.To carry on just press return//) 
READO ,3)JEND 
3 FORMAT(11)
IF (JEND.EQ.1) GOTO 2000
C
C Subroutine SMDAT reads in coefficients for evaluation of enthalpy 
C and equilibrium constants -ref:Smith,M.Y. ”Note:Data for calculating 
C adiabatic flame temperatures” J.Inst.Fuel.,1969,v42,p248-250.
CALL SMDAT(C0,C02,02,H2,H20,0H,H,0,AN0,AN2,R1,R2,R3,R4,R5,R6)
C
C READ IN DATA FOR FUEL COMPOSITION (CHAN.7) AS:
C FUEL COMP.,MOLE FRACTION,HEAT OF FORM*N,HEAT OF COMB’N (NET),
C DENSITY(at 298K,1atm.).
C DATA F0RMAT-(7X,F10.8,F10.4,F10.4,F8.4)
C nb.,HTS OF FORM’N & COMB’N IN kcals/mole.
C
READ(7,5)PRESS 
READ(7,5)FTEMC 
READ(7,5)CGTEMC 
5 FOR MAT(20X,F10.4)
FTCMV -rTCMPj.975 1
o
n
 
o
n
 
o
o
o
 
o
o
o
 
n
o
FILE: FLAME.FTN DATE: SUN, AUG 26 1984
CGTEMK=CGTEMC+273.16 
READ(7,7)(NAMFL(I),I=1,20)
7 FORMAT(20X,20A2)
READ(7,*)
RE A D (7,10) PN 2MF, PN 2DH, PN 2HC, PH 2MF, PH 2DH, PH 2HC,
+ P02MF, P02DH, P02HC, PH20MF, PH20DH, PH20HC,
+ PCOMF, PCODH, PCOHC, PC02MF, PC02DH, PC02HC,
+ P1H 4MF, P1H 4DH, P1H 4 HC, P2H 6MF, P2H 6DH, P2H 6HC,
+ P3H8MF,P3H8DH,P3H8HC,P4H1OF,P4H1OH,P4H1OC,
+ P5H12F,P5H12H,P5H12C,P6H14F,P6H14H,P6H14C
10 F0RMAT(7X,F10.8,F10.4,F10.4)
READ IN HEATS OF FORM’N OF FREE RADICALS (ie.,0H,H,0,N0).
R EAD(7,15)POHDH,PH DH,PODH,PNODH 
15 FORMAT(17X.F10.4)
READ IN COMPOSITION OF GAS UTILIZED FOR COMB'N;
(AS MOLE FRACTIONS OF 02,N2,and H20)
READ(7,20)CG02,CGN2,CGH20 
20 FORMAT(20X,F 10.8)
READ IN RANGE OF EQUIVALENCE RATIOS (AS [actualCG/F3/[stoicCG/F])
AND THE INCREMENT BETWEEN EACH VALUE TO BE INVESTIGATED.
READ(7,*)FILO,FIHI,FIINC
READ IN ACCURACY OF HEAT BALANCE REQUIRED (to + or - 'value1) 
READ(7,*)HBALAC
EVALUATION OF STOICHIOMETRIC CG/F RATIO (IGNORING N2 OXIDATION),
C [on a STD VOL/STD VOL basis).
REQD0=PH2MF*0.5 + PCOMF*0.5 + P1H4MF*2.0 + P2H6MF*3.5 
+ + P3H8MF*5.0 + P4H10F*6.5 + P5H12F*8.0 + P6H14F*9.5 
+ - P02MF 
STGFR=REQD0/CG02
C
C EVALUATION OF C.V. OF THE FUEL (NET VALUE).
C a) AS kcals/mole
CVNET=PH2MF*PH2HC + PCOMF*PCOHC + P1H4MF*P1H4HC + P2H6MF*P2H6HC 
+ + P3H8MF«P3H8HC + P4H10F*P4H10C + P5H12F*P5H12C + P6H14F«P6H14C 
C b) AS kcals/m3 at 298K,1 atm.
CVM3N=CVNET/0.02445 
C HEAT OF FORMATION OF FUEL (kcals/mole)
C
HFFUEL=PH20MF*PH20DH + PCOMF*PCODH + PC02MF*PC02DH +P1H4MF*P1H4DH 
+ + P2H6MF*P2H6DH + P3H8MF*P3H8DH + P4H10F*P4H10H + P5H12F*P5H12H 
+ + P6H14F*P6H14H 
NEQLO=IFIX(FILO*100.0+0.5)
NEQHI=IFIX(FIHI*100.0+0.5)
NEQINC=IFIX(FIINC*100.0+0.5)
C GAS CONSTANT (cal/k mol)
R=1.987 
FINC=200.0 
IC0UNT=0
C
DO 100 N=NEQLO,NEQHI,NEQINC 
IC0UNT=IC0UNT+1 
FIVAL=FL0AT(N)/100.0
CALL GART10(PN2MF,PH2MF,PO2MF,PH20MF,PCOMF,PC02MF,P1H4MF, P2H6MF 
+ ,P3H8MF,P4H10F,P5H12F,P6H14F,FIVAL,STGFR,ACGFR,
+ CG02.CGN2.CGH20.PK.PL.PM)
o
o
 
o
o
o
 
o
o
o
o
FILE: FLAME.FTN DATE: SUN, AUG 26 1984
C Ref:Smith,M.Y. J.Inst.Fuel.,1969,v42,p248-25C.
CALL SPECHT(CGTEMK,CG02,CGN2,CGH20,02,AN2,H20,CPCGM)
FTEMP=1100.0 
C Ref:Smith,M.Y. J.Inst.Fuel.,1969,v42,p248-250.
150 CALL DISSOC(FTEMP,R,R1,R2,R3,R4,R5,R6,AK1,AK2,AK3,AK4,AK5,AK6)
C Ref:as above.
CALL DELTH(FTEMP,C0,C02,02,H2,H20,0H,H,0,AN0,AN2,DHC0,DHC02,
+ DH02,DHH2,DHH20,DH0H,DHH,DH0,DHAN0,DHAN2)
C Ref:Harker,J.H.,J.Inst.Fuel.,May 1967,p206-213.*
C ’’The calculation of equilibrium flame gas compositions”.
CALL COMPRO(PRESS,PK,PL,PM,AK1,AK2,AK3,AK4,AK5,AK6,
+ A,B,C,D,E,F,G,HH,AI,AJ,Y1,C0PR,ANH,AN0XY)
EVALUATION OF SENSIBLE HEAT CONTENT OF THE FLAME & THE HEAT 
RELEASED BY THE REACTION.
HN0GRA=REQD0*2.O/ANOXY 
Sensible heat content of flame , accounting for the additional 
heat in the air for comb’n (or other) pre-heat (if any).
SENSHT=ACGFR*CPCGM*(CGTEMK-298.16)
HS=HN0GRA*(DHC0*A + DHC02*B + DH02*C + DHH2*D + DHH20*E +
+ DH0H*F + DHH*G + DH0*HH + DHAN0*AI + DHAN2*AJ) - SENSHT
Heat released in the flame.
HA =HN0GRA*(PC02DH *B + PC0DH*A + PH20DH*E + P0HDH*F + PHDH*G 
+ + P0DH*HH + PN0DH*AI) - HFFUEL 
HA=-HA
TEST=ABS(HA-HS)
IF(TEST.LT.HBALAC) GOTO 1000 
IF(HS.GT.HA) GOTO 500 
FTEMP=FTEMP+FINC 
GOTO 150 
500 FTEMP=FTEMP-FINC 
FINC=FINC/5.0 
FTEMP=FTEMP+FINC 
GOTO 150 
1000 FINFI(ICOUNT)=FIVAL 
FINFL(ICOUNT)=FTEMP 
PPC0(IC0UNT)=A 
PPC02(IC0UNT)=B 
PP02(IC0UNT)=C 
PPH2(IC0UNT)=D 
PPH20(IC0UNT)=E 
PP0H(IC0UNT)=F 
PPH(ICOUNT)=G 
PP0(IC0UNT)=HH 
PPN0(IC0UNT)=AI 
PPN2(ICOUNT)=AJ 
100 CONTINUE
CALL WRITE(FINFI,FINFL,PPCO,PPC02,PP02,PPH2,PPH20,PP0H,PPH,PPO,
+ PPNO,PPN2,PRESS,PN2MF,PH2MF,P02MF,PH20MF,PCOMF,PC02MF
+ ,P1H4MF,P2H6MF,P3H8MF,P4H10F,P5H12F,P6H14F,ICOUNT
+ ,NAM FL,HBALAC,CGO 2,CGN 2,C GH 20,CGTEMK)
C
IF(IC0UNT .LT.8) GOTO 2000 
WRITE(2,354)
354 FORMATdH ,’Since you have investigated a sufficient number’) 
WRITE(2,348)
348 FORMATdH ,’of FI values (i.e.,>=8) a graphical output can be*)
FILE: FLAME.FTN DATE: SUN, AUG 26 1984
WRITE(2,346)
346 FORMATdH ,'obtained (insufficient points would make this less1)
WRITEC2,345)
345 FORMATdH ,'meaningful)')
WRITEC2,356)
356 FORMATdH ,'Is graphical output required (YES=1 ; NO=2)!)
R E A D d , 358)KIN
358 FORMAT(H)
IFCKIN.NE.1) GOTO 2000
CALL PLOT(FINFI,FINFL,PPCO,PPC02,PP02,PPH2,PPH20,PPOH,PPH,PPO,
+ PPN0,PPN2,PRESS,PN2MF,PH2MF,P02MF,PH20MF,PCOMF,
+ PC02MF,P1H4MF,P2H6MF,P3H8MF,P4H10F,P5H12F,P6H14F,
+ ICOUNT,NAMFL,FILO,FIHI,FIINC,CGTEMK,CG02,CGN2,CGH20)
2000 STOP 
END
C
C
C
C
C
SUBROUTINE SMDAT(CO,CO2,O2,H2,H20,OH,H,0,AN0,AN2,R1,R2,R3,
+ R4,R5,R6)
DIMENSION C0(3,4),C02(3,4),02(3,4),H2(3,4),H20(3,4),0H(3,4),
+ H(3,4),0(3,4),ANO(3,4),AN2(3,4),R1(3,5),R2(3,5),
+ R3(3,5),R4(3,5),R5(3,5),R6(3,5)
C
READ(5,*)
READ(5,*)
READ(5,*)
DO 3 1=1,3 
READ(5,*)
READ(5,*)(CO(I,J),J=1,4)
READ(5,*)(C02(I,J),J=1,4)
READC5,*)(02(1,J),J=1,4)
READ(5,*)(H2(I,J),J=1,4)
READ(5,*)(H20(I,J),J=1,4)
READ(5,*)(OH(I,J),J=1,4)
READ(5,*)(H(I,J),J=1,4)
READ(5,*)(0(I,J),J=1,4)
READ(5,*)CANO(I,J),J=1,4)
READ(5,*)(AN2(I,J),J=1,4)
3 CONTINUE 
READ(5,*)
DO 4 1=1,3 
READC5,*)
READC5,*)(R1(I,K),K=1,5)
READ(5,*)(R2(I,K),K=1,5)
READ(5,*)(R3(I,K),K=1,5)
READ(5,*)(R4(I,K),K=1,5)
READ(5,*)(R5(I,K),K=1,5)
READ(5,*)(R6(I,K),K=1,5)
4 CONTINUE 
RETURN 
END
C
C
C
C
C
r.
FILE: FLAME.FTN DATE: SUN, AUG 26 1984 
C
SUBROUTINE DISSOC(FTEMP,R,R1,R2,R3,R4,R5,R6,AK1,AK2,AK3#
+ AK4,AK5,AK6)
DIMENSION R1(3,5),R2(3,5),R3(3,5),R4(3,5),R5(3,5),R6(3,5)
1=0
IF(FTEMP.GE.1100.0.AND.FTEMP.LT.1900.0) 1=1 
IFCFTEMP.GE.1900.0.AND.FTEMP.LT.2700.0) 1=2 
IF(FTEMP.GE.2700.0.AND.FTEMP.LE.3500.0) 1=3 
IF(I.NE.O) GOTO 100 
WRITE(2,50)
50 FORMATdH /TEMPERATURE OUT OF DATA RANGE GIVEN BY SMITH’)
STOP
C EQUILIBRIUM CONSTANT EVALUATION.
C
100 AK1=EXP((-R1(I,4)/(R*FTEMP))+(R1(1,1)*ALOG(FTEMP)/R) 
++(R1(I,2)*FTEMP/(2.0*R))+(R1(I,3)*FTEMP*FTEMP/(6.0*R))
++R1(I,5))
AK2=EXP((-R2(I,4)/(R*FTEMP))+(R2(I,1)*ALOG(FTEMP)/R) 
++(R2(I,2)*FTEMP/(2.0*R))+(R2(I,3)*FTEMP*FTEMP/(6.0*R))
++R2(I,5))
AK3=EXP((—-R 3(1,4)/(R*FTEMP))+(R3(1,1)*ALOG(FTEMP)/R) 
++(R3(I,2)*FTEMP/(2.0*R))+(R3(I,3)*FTEMP*FTEMP/(6.0*R))
++R3(I,5))
AK4=EXP((-R4(I,4)/(R*FTEMP))+(R4(I,1)*ALOG(FTEMP)/R) 
++(R4(I,2)*FTEMP/(2.0*R))+(R4(I,3)*FTEMP*FTEMP/(6.0*R))
++R4(I,5))
AK5=EXP((-R5(I,4)/(R«FTEMP))+(R5(I,1)*ALOG(FTEMP)/R)
++(R5(I,2)*FTEMP/(2.0*R))+(R5(I,3)*FTEMP*FTEMP/(6.0*R))
++R5CI,5))
AK6=EXP((-R6(I,4)/(R*FTEMP))+(R6(I,1)*ALOG(FTEMP)/R) 
++(R6(I,2)*FTEMP/(2.0*R))+(R6(I,3)*FTEMP*FTEMP/(6.0*R))
++R6(I,5))
RETURN
END
C
C
C
C
C
C
C
SUBROUTINE DELTH(FTEMP,C0,C02,02,H2,H20,0H,H,0,AN0,AN2,DHC0,
+ DHC02,DH02,DHH2,DHH 20,DHOH,DHH,DHO,DHANO,DHAN2)
DIMENSION C0(3,4),C02(3,4),02(3,4),H2(3,4),H20(3,4),0H(3,4),
+ H(3»4),0(3,4),ANO(3,4),AN2(3,4)
1=0
IF (FTEMP.GE.1100.0.AND.FTEMP.LT.1900.0) 1=1 
IF (FTEMP.GE.1900.0.AND.FTEMP.LT.2700.0) 1=2 
IF (FTEMP.GE.2700.0.AND.FTEMP.LE.3500.0) 1=3 
C ENTHALPY OF GASES AT FLAME TEMPERATURE (based § 298.16K)
C a) in cals/mole
DHCO=CO(I,4)+(C0(I,1)*FTEMP)+(0.5*C0(I,2)*FTEMP*FTEMP)
++(0.3333*00(1,3)*(FTEMP**3.0))
DHC02=C02(I,4)+(C02(I,1)*FTEMP)+(0.5*002(1,2)*FTEMP*FTEMP)
++(0.3333*002(1,3)*(FTEMP**3.0))
DH02=02(I,4)+(02(I,1)*FTEMP)+(0.5*02(1,2)*FTEMP*FTEMP)
++(0.3333*02(1,3)*(FTEMP**3.0)) 
DHH2=H2(I,4)+(H2(I,1)*FTEMP)+(0.5*H2(I,2)*FTEMP*FTEMP) 
++(0.3333*H2(I,3)*(FTEMP**3.0))
DHH20=H20(I.4)+(H20(I.1)*FTEMP)+(0.5*H20(I.2)*FTEMP*FTEMP)
o 
o 
o 
o 
o 
o 
o
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++(0.3333*H20(I,3)*(FTEMP**3.0)) 
DH0H=0H(I,4)+(0H(I,1)*FTEMP)+(0.5*0H(I,2)*FTEMP*FTEMP) 
++(0.3333*0H(I,3)*(FTEMP*«3.0)) (
D H H = H ( I ,4 ) + (H (I ,1)*FTEMP)+(0.5*H(I,2)*FTEMP*FTEMP) 
++(0.3333*H(I,3)*(FTEMP**3.0))
D H 0 = 0 (I ,4 ) + (0 (I ,1 )*FTEMP)+(0.5*0(I,2)*FTEMP*FTEMP)
+ + ( 0. 33 33 *0 (1 ,3)*(FTEMP**3.0))
D HA N 0 = A N 0 ( I ,4)+(ANO(1,1)*FTEMP)+ (0.5 * A N 0 ( 1 ,2)* FTEM P *FTEM P ) 
+ +( 0. 333 3*AN O( I ,3)*(FTEMP**3.0))
DHA N2 =A N2 (I , *D+ (A N2 (I ,1)*FTEMP)+(0.5*AN0(I,2)*FTEMP*FTEMP) 
++(0.3333*AN2(I,3)*(FTEMP**3.0))
C
C b) in kcals/mole
DHCO=DHCO/1000.0 
DHC02=DHC02/1000.0 
DH02=DH02/1000.0 
DHH2=DHH2/1000.0 
DHH20=DHH20/1000.0 
DHO H= DH OH / 1000.0 
D HH =DHH/1000.0 
D HO =DHO/1000.0 
DHAN0=DHAN0/1000.0 
DHAN2=DHAN2/1000.0 
RETURN 
END
SUBROUTINE C O M P R O (P R E S S ,P K ,P L ,P M ,A K 1,A K 2 ,A K 3 ,A K 4 ,A K 5 ,A K 6 ,
+ A,B,C,D,E,F,G,HH,AI,AJ,Y1,C0PR,ANH,AN0XY)
C
W=0.001
D=0.001
10 X=AK2*(2.0*PL + 2.0*PM + 1 .0)+AK2*AK3*(PL+PM+1.0)/(SQRT(D))
++AK2*AK2*AK5/D
Y=AK1*D*(2.0*PK + 2.0*PL + 2.0*PM + 1 .0)+2.0*AK2*D*(PL+PM+1.0) 
++AK1*AK3*SQRT(D)*(PK+PL+PM+1.0)+AK2*AK4*SQRT(D)*(PL+PM+2.0) 
+ +A K1 *A K2 *A K5 -2 .0*PRESS*AK2 
Z =2.0*AK1*D*D*(PK+PM+PL+1.0)+AK1*AK4*D*SQRT(D)*(PK+PL+PM+2.0) 
+-2.0*PRESS*AK1*D 
E =(- Y + S Q R T ( Y * Y- 4 .0*X*Z))/(2.0 * X )
C=(E*AK2/D)**2.0 
F=E*AK3/SQRT(D)
G=AK*I*SQRT (D)
ANH=2.0*D+2.0*E+F+G 
HH=AK5*SQRT(C)
B=PK*ANH/(1.0+(A K 1/SQ RT (C )))
A=B*AK1/SQRT(C)
A I= PL *A NH -A -2 .0 *B -2 .0*C-E-F-HH 
AJ= PRESS-A-B-C-D-E-F-G-HH-AI 
IF (AJ.LT.0.00000) AJ=-AJ 
Y 1=AK 6* SQ RT (AJ)*SQRT(C)
Z1=(Y1+1000.0)/(AI+1000.0)
I FCZ1.GT.1.0000001) D =D+W 
IFCZ1.GT.1.0000001) GOTO 10
TFf71 IT n QQQQQQQ 'I n=r>-W
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W = W /5 . 0 
D=D+W
IFCZ1.LT.0.9999999) GOTO 10
COPR=A+B+C+D+E+F+G+HH+AI+AJ
ANOXY =A+2.0 * B + 2 .0*C+E+F+HH+AI
RETURN
END
C
C
C
C
C
C
C
SUBROUTINE SPECHT(CGTEMK,CG02,CGN2,CGH20,02,AN2,H20,CPCGM) 
DIMENSION 02(3,4),AN2(3,4),H20(3,4)
C
C SPECIFIC HEAT CAPACITY OF COMBUSTION GAS 
C a) in cals/mole K
C PC GM=((02(1 ,1 )+02(1,2)*CGTEMK+02(1,3)*CGTEMK*CGTEMK)*CG02)
+ + ( (AN2C1,1 )+AN2(1,2)*CGTEMK+AN2(1,3)*CGTEMK*CGTEMK)*CGN2)
+ ‘ +((H20(1,1)+H20(1,2)«CGTEMK+H20(1,3)*CGTEMK«CGTEMK)»CGH20)
C
C b) in kcals/mole K
CPCGM=CPCGM/1000.0
RETURN
END
C
C
C
C
C
C
C
SUBROUTINE G A R T I O (P N 2 M F ,P H 2 M F ,P O2 MF ,PH2 0M F ,P CO MF ,PC02MF,P1H4MF,
+ P 2 H 6 M F ,P3H 8MF,P 4 H 10 F ,P 5 H 12 F ,P 6 H 14 F ,F I V A L ,S T G F R ,
+ A C G F R ,CGO 2,CGN 2,CGH 20,P K ,P L ,P M )
C
C FI=(CG/F)[actual]/(CG/F)[stoichiometric]
C
ACGFR=STGFR*FIVAL 
C Evaluation of the ratios CARBON/HYDROGEN , OXYGEN/HYDROGEN and 
C NITROGEN/HYDROGEN ; (in terms of  g-atoms in the c o m b fn gas/fuel 
C mixture .
C
GAN=PN2MF*2.0 + ACG FR *( CG N 2*2.0)
GAC=PCOMF + PC02MF + P1H4MF + P2H6MF*2.0 + P3H8MF*3.0 
+ + P4H10F*4.0 + P5H12F*5.0 -«- P6H14F*6.0
GAO=P02MF*2.0 + PH20MF + PCOMF + PC02MF*2.0 +
+ ACGFR*(CGH20 + CG02*2.0)
GAH=PH2MF*2.0 + PH20MF*2.0 + P1H4MF*4.0 + P2H6MF*6.0 +
+ P3H8MF*8.0 + P4H10F*10.0 + P5H12F*12.0 + P6H14F*14.0 +
+ ACGFR*(CGH20*2.0)
C
C CARBON/HYDROGEN ratio - 
PK=GAC/GAH 
C OXYGEN/HYDROGEN ratio - 
PL=GAO/GAH 
C NITROGEN/HYDROGEN ratio -
m <  _r* ft / n  k u
o 
o 
o 
o 
o 
o 
o
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RETURN
END
SUBROUTINE W R I T E ( F I N F I ,FINFL,PPCO,PPC02,PP02,PPH2, P PH 2 0, P P O H ,
+ PPH,PPO,PPNO,PPN2,PRESS,PN2MF,PH2MF,P02MF,PH20MF,
+ P C O M F ,P C02MF,P1H4MF,P2H6MF, P3H 8 M F , P 4 H 10 F ,P 5 H 12 F ,
+ P 6 H 14 F ,IC O U N T ,N A M F L ,H B A L A C ,CGO 2,CGN 2,CGH 20,
+ CGTEMK)
DIMENSION FINFI(30),FINFL(30),PPCO(30),PPC02(30),PP02(30),
+ P P H 2 (30),P PH 20(30),P P O H (30),P P H (30),P P O (30),P P N O (30),
+ P P N 2 C 3 0 ) ,N A M F L (20)
W R I T E (6 100
100 F O R M A T ( 
W R I T E (6
H ,
105
ADIABATIC FLAME TEMPERATURE (DEGREES KELVIN)')
105 F O R M A T ( 
W R I T E (6
H ,
106
(INCLUDING DISSOCIATION)')
106 F O R M A T ( 
W R I T E (6
H ,
109
FOR VARIOUS VALUES OF : ’)
109 FORMATC
WRITE(6
H ,
114
[ (comb.gas/fuel)actual]/[(comb. ga s/ fu el )s to ic ] ’)
114 FORMATC H , as [ ( vo l/vol)std]/[(vol/vol)std].'///)
WRITE(6 116 NAMFL
116 FORMATC 
W R I T E (6
H ,
120
Fuel Type - \ 2 0 A 2 / )
120 FORMATC H , Fuel Composition -'/)
W R I T E (6 130 PN2MF,PH2MF,P02MF
130 FORMATC H , N2 -' ,F7.4,' H2 - \ F 7 . 4 , ’ 02 - ’,F7.4/)
W R I T E (6 132 PH 20MF, PCOMF, PC02MF
132 FORMATC H , H20 ,F7.4,1 CO - ' ,F7.4,' C02 -',F7.4/)
W R I T E (6 134 P1H4MF,P2H6MF,P3H8MF
134 FORMATC H , CH4 -' ,F7.4,' C2H6 - \ F 7 . 4 , '  C3H8 - ’ ,F7.4/)
WRITEC6 136 P4H10F,P5H12F,P6H14F
136 FORMATC
WRITEC6
H ,
150
C4H10 -' ,F7.4,' C5H12 - \ F 7 . 4 , '  C6H14 «',F7.4//)
150 FORMATC H , Combustion Gas Composition -'/)
WRITEC6 155 CG02,CGN2,CGH20
155 FORMATC H , 02 - ' ,F7.4,' N2 - ' ,F7.4,' H20 -',F7.4//)
WRITEC6 160 CGTEMK
160 FORMATC H , Combustion Gas Inlet T e m e r at ur e' ,F 12 .2 , ' Kelvin'///)
WRITEC6 200 ( FINFI(I),1=1,I C O UN T )
200 FORMATC H , FI VALUE ',8(8X,F5.2))
WRITEC6 210 (FINFLCI),1=1,ICOUNT)
210 FORMATC H , F U M E  TEMP. (DEG.K)' ,8(6X,F7.2))
WRITEC6 220 (PPCOCI),1=1,ICOUNT)
220 FORMATC H , pp CO (atm.) ',8(2X,E11.4))
WRITEC6 230 (PPC02CI),1=1,ICOUNT)
230 FORMATC H , pp CO 2 (atm.) ',8(2X,E11.4))
W R I T E (6 240 (PP02CI),1=1,ICOUNT)
240 FORMATC H , pp 02 (atm.) ’,8(2X,E11.4))
W R I T E (6 260 (PPH2CI),1=1,ICOUNT)
260 FORMATC H , pp H2 (atm.) » ,8(2X,E11.4))
W R I T E (6
r/>nu a t /
280
ft
(PPH20CI),1=1,ICOUNT)
__non f _4--- \ f O f  OV ril li \ \
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WRITE (6,300) (PPOH (I), 1 = 1, I C O U N T )
300 F O R M A T d H  ,'pp OH (atm.) 1,8(2X,E11.4))
W R I T E (6,320)(PPH(I),1=1,I C O U N T )
320 F O R M A T d H  ,'pp H (atm.) ',8(2X,E11.4))
W R I T E (6,340)(PPO(I),1 = 1,I C O U N T )
340 F O R M A T d H  ,'pp 0 (atm.) ',8(2X,E11.4))
WRITE (6 , 360 )(PPNO(I), 1 = 1, ICOUNT)
360 F O R M A T d H  , fpp NO (atm.) ',8(2X,E11.4))
W R I TE (6 , 380) (PPN2(I), 1=1, I C O U N T )
380 F O R M A T d H  ,'pp N2 (atm.) ' ,8(2X,E11.4))
WRITE(6,500)
500 F O R M A T d H  ,/)
WRITE(6,520)HBALAC 
520 F O R M A T d H  , 'Heat balance accuracy = +or- * ,F5.2, 'kcals.')
RETURN
END
C
C
C
C
C
C
C
SUBROUTINE PLOT (FINFI,FINFL,PPC0,PPC02,PP02,PPH2,PPH20, PPOH,
+ PPH,PPO,PPNO,PPN2,PRESS,PN2MF,PH2MF,P02MF,
+ PH 2 0 M F ,P C O M F ,PC 0 2 M F ,P 1H 4 M F ,P2H 6 MF ,P 3H 8 M F ,
+ P 4 H 10 F ,P 5 H 12 F ,P 6 H 14 F ,ICOUNT,N A M F L ,F I L O ,F I H I ,
+ FIINC,CGTEMK,CG02,CGN2,CGH20)
C
DIMENSION F I N F I (30),FINFL(30),PPCO(30),PPCO2(30),PPO2(30),
+ PPH2 (30), PPH20 (30), PPOH (30), PPH (30), PPO (30), PPNO (30),
+ PPN 2( 30 ) ,N A M F L (20)
C
WRI TE (2 , 2000)
2000 F O R M A T d H  ,'PLEASE SPECIFY UPPER SCALE RANGE FOR RADICALS') 
W RI TE (2 ,2 00 1 )
2001 F O R M A T d H  ,'& NO. OF SCALE NUMBERS REQUIRED (RANGE MUS T  BE') 
W R I T E (2,2002)
2002 F O R M A T d H  ,'DIVISIBLE BY SCALE NUMBER).')
W RITE(2,2020)
2020 F O R M A T d H  , 'UPPER SCALE RANGE (REAL N O . ) > ’)
R E A D (1,2005)RANGE 
2005 FORMAT(F8.4)
WRITE(2,2030)
2030 F O R M A T d H  ,'NO. SCALE NUMBERS (INTEGER 2CHAR)>')
READ(1,2010)KINC 
2010 FORMAT(I2)
GRLOW=FILO-FIINC
GRHI=FIHI+FIINC
GRIINC=FIINC
NGRINC=IFIX((GRHI-GRLOW)/GRIINC + 0.5)
C
WRI TE (2 , 2200)
2200 F O R M A T d H  ,'ENTER DEVICE;0=VDU, 1 =NCALCOMP')
READ(1,«) DEV 
IF(DEV.EQ.O) CALL T4010 
IF(DEV.NE.0) CALL CC906N 
IF(DEV.EQ.O) CALL SCALE(0.65)
IF(DEV.EQ.0) GOTO 5000
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CALL PICCLE
CALL DEVPAP 215.,315.,1)
C CALL WINDOW 2)
C Put A4 boundary maarks on paper. Use windowed symbol
CALL WINDOW 2) /*For A4 bound marks
CALL CHASIZ 4.0,4.0)
CALL M0VT02 2.0,2.0)
CALL SYMBOL 3)
CALL SYMBOL 7)
CALL M0VT02 212.0,2.0)
CALL SYMBOL 3)
CALL M0VT02 212.0,299.0)
CALL SYMBOL 3)
CALL M0VT02 2.0,299.0)
CALL SYMBOL 3)
C CALL WINDOW 2)
CALL SHIFT2 212.,0.)
CALL R0TAT2 90.)
C CALL SHIFT2 212.,0.)
C CALL R0TAT2 90.)
C CALL M0VT02 0.,1.)
C CALL LINBY2 295.,0.)
C CALL LINBY2 0.,210.)
C CALL M0VT02 0.,1.)
C CALL LINBY2 0.,210.)
C CALL LINBY2 295.,0.)
5000 CONTINUE
CALL CHASWI 1)
CALL CHASIZ 2.,2.)
CALL AXIPOS 1,60.,45.,185.,1)
CALL AXISCA 2,NGRINC,GRL0W,GRHI,1)
p
CALL AXIDRA 2,2,1)
CALL PENSEL 2,0,0)
CALL AXIPOS 1,45.,45.,135.,2)
CALL AXISCA 2,10,0.,0.1,2)
p
CALL AXIDRA -2,-2,2)
V/
CALL GRASYM FINFI,PPCO,ICOUNT,6,0)
CALL GRACUR FINFI,PPCO,ICOUNT)
CALL GRASYM F I N F I ,PP02,ICOUNT,7,0)
CALL GRACUR FINFI,PP02,ICOUNT)
CALL GRASYM FINFI,PPH2,ICOUNT,8,0)
p
CALL GRACUR FINFI,PPH2,ICOUNT)
Kj
CALL PENSEL 1,0,0)
CALL AXIPOS 1,60.,45.,135.,2)
CALL AXISCA 2,10,0.,PRESS,2)
CALL AXIDRA -2,-2,2)
CALL GRASYM FINFI,PPN2,ICOUNT,1,0)
CALL GRACUR FINFI,PPN2,ICOUNT)
CALL GRASYM FINFI,PPC02,ICOUNT,2,0)
CALL GRACUR FINFI,PPC02,ICOUNT)
CALL GRASYM FI N F I , PPH 20, IC O U N T , 3,0 )
p
CALL GRACUR FINFI,PPH20,ICOUNT)
c SC1=PPN0(IC0UNT)*2.0E4
c SC2=SC1+100. 0
c JSC 3:=IFIX(SC2)
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CALL P E N S E L (5,0,0)
CALL A X I P O S (1,30.,45.,135.,2)
CALL AXISCA(2,KINC,0.,RANGE,2)
CALL AXIDRA(-2,-2,2)
CALL GRA SYM (FI NF I , P P O H , IC OU N T , 1,0)
CALL GRACUR(FINFI,PPOH,ICOUNT)
CALL GRA SYM (FI NF I , P P H , IC O U N T , 2,0 )
CALL GRACUR(FINFI,PPH,ICOUNT)
CALL GRA S Y M (F I N F I ,P P O ,IC O U N T ,3,0)
CALL GRACUR(FINFI,PPO,ICOUNT)
CALL G R A S Y M (F I N F I ,PPNO,ICOUNT,4,0)
CALL GRACUR(FINFI,PPNO,ICOUNT)
CALL PENSEL(7,0,0)
CALL A X I P O S (1,245.,45.,135.,2)
CALL AXI SC A( 2, 15,1000.,4000.,2)
CALL AXIDRA(2,2,2)
CALL GRA S Y M (F I N F I ,F I N F L ,IC O U N T ,6,0)
CALL G R A C U R (F I N F I ,F I N F L ,I CO UN T )
CALL P E N S E L O , 0,0)
CALL M 0 V T 0 2 ( 115.,38.)
CALL C H A H 0 L ( ’[COMB.GAS/FUEL]actual/[COMB.GAS/FUEL]stoic * . ’)
CALL P E N S E L O  ,0,0)
CALL CHAANG(90.)
CALL MOVTO2(55.,90.)
CALL C H A H O L O P A R T I A L  PRESSURE (atm.)*.1)
CALL PENSEL(2,0,0)
CALL MOVTO2(4O.,90.)
CALL C H A H O L O  PARTIAL PRESSURE (atm.)*.1)
CALL PENSEL(5,0,0)
CALL M0VTO2(25.,90.)
CALL C H A H O L ( rPARTIAL PRESSURE (atm.)*.1)
CALL PENSEL(7,0,0)
CALL M0V T0 2( 256. ,85.)
CALL C H A H O L ( ’FLAME TEMPERATURE (deg.K)*.’)
CALL CHAANG(0.)
CALL C H A S I Z (2.,3.)
CALL M 0 V T 0 2 0 15., 19.)
CALL P E N S E L O , 0,0)
CALL C H A H O L O A D I A B A T I C  DISSOCIATION FLAME T E M P E R A T U R E * . ’) 
CALL M 0 V T02( 115.,14.)
CALL C H A H O L O  AND COMPOSITION AT E Q U IL IB RI UM *. ’)
CALL CHASIZ(2.,2.)
CALL M 0 V T 0 2 O 2 0 . ,  184.)
CALL C H A H O L O F U E L  TYPE - *.')
CALL CHA AR R( NA MF L ,20,2)
CALL MOV TO 2( 60 .,180.)
CALL LINBY2(185.,0.)
PN2MF=PN2MF*100.0 
PH2MF=PH2MF*100.0 
P02MF=P02MF*100.0 
PH20MF=PH20MF*100.0 
PCOMF=PCOMF*100.0 
PC02MF=PC02MF*100.0 
P1H4MF=P1H4MF*100.0
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P3H 8MF=P3H8MF*100.0 
P*1H10F=P*JH1 OF* 100.0 
P 5H 12 F=P5H12F*100.0 
P6H1*1F=P6H1*1F* 100.0 
CALL M0VT02C8*!.,175.)
CALL C H A H O L C ’FUEL COMP.(%): *.»)
1=0
C
IF (PN2MF.EQ.0.0) GOTO 10 
CALL C H A H O L C 1 N2 - * . ’)
CALL C HAFL0CPN2MF,9)
1=1+1
10 IF (PH2MF.EQ.0.0) GOTO 20 
CALL C H A HO L C 1 H2 -*.»)
CALL C HAFLO C PH 2 M F , 9)
1=1+1
20 IF CP02MF.EQ.0.0) GOTO 30 
CALL C H A H O L C 1 02 - * . ’)
CALL CHAFL0CP02MF,9)
1=1+1
30 IF CPH20MF.EQ.0.0) GOTO *10
IFCI.EQ.3) CALL M 0 V T 0 2 C 128.,170.)
CALL C H A H O L C 1 H20 - * . ’)
CALL CHAFLO CPH20MF,9)
1=1+1
*10 IF (PCOMF.EQ.O.O) GOTO 50
IFCI.EQ.3) CALL M 0 Y T 0 2 C 128.,170.)
CALL C H A H O L C  CO - * . ’)
CALL CHAFLO(PCOMF,9)
1=1+1
50 IF (PC02MF.EQ.O.O) GOTO 60
IFCI.EQ.3) CALL M 0VT02C128.,170.)
CALL C H A H O L C ’ C02 - * . ’)
CALL CHAFLO(PC02MF,9)
1=1+1
60 IF (P1HUMF.EQ.O.O) GOTO 70
IFCI.EQ.3) CALL M 0V T02C128.,170.) 
IFCI.EQ.6) CALL M 0 V T0 2C 128.,165.)
CALL C HA H O L C ’ CH*1 -*.*)
CALL CHAFLO (P1H*1MF, 9)
1=1+1
70 IF (P2H6MF.EQ.O.O) GOTO 80
IF(I.EQ.3) CALL M 0 VT0 2C 128.,170.) 
IFCI.EQ.6) CALL M 0 V T0 2C 128.,165.)
CALL C H A H O L C ’ C2H6 - * . ’)
CALL CHAFLO(P2H6MF,9)
1=1+1
80 IF CP3H8MF.EQ.O.O) GOTO 90
IFCI.EQ.3) CALL M 0 V T0 2C 128.,170.) 
IFCI.EQ.6) CALL M0V T0 2C 128.,165.)
CALL C H A H O L C ’ C3H8 - * . ’)
CALL CHAFLO(P3H8MF,9)
1=1+1
90 IF (P*1H10F.EQ.O.O) GOTO 100
IFCI.EQ.3) CALL M 0V T0 2C 128., 170.) 
IFCI.EQ.6) CALL M0VT0 2C 128.,165.) 
IFCI.EQ.9) CALL M0VT02C128.,160.)
CALL C H A H O L C ’ C*»H10 -*.')
CALL CHAFLO (P*1H1 OF, 9)
1=1+1
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100 IF (P5H12F.EQ.O.O) GOTO 110
IFCI.EQ.3) CALL M 0 V T 0 2 O 2 8 . , 170.) 
IFCI.EQ.6) CALL M 0V T0 2C 12 8. ,165.) 
IFCI.EQ.9) CALL M 0 V T 0 2 C 128.,160.) 
CALL CHA HO LC 1 C5H12 - * . ’)
CALL CHAFLOCP5H12F,9)
1=1+1
110 IF (P6H14F.EQ.O.O) GOTO 120
IFCI.EQ.3) CALL M 0 V T 0 2 C 128.,170.) 
IFCI.EQ.6) CALL M 0 V T 0 2 C 128.,165.) 
IFCI.EQ.9) CALL M 0V T0 2C 12 8. ,160.) 
' CALL CHA HO LC 1 C6H14 - * . ’)
CALL C H A FL O (P 6 H 14 F ,9)
C
CG02=CG02*100.0 
CGN2=CGN2*100.0 
CGH20=CGH20*100.0
CALL M0VT02 84.,155.)
CALL CHAHOL ’COMB. GAS C O M P . (%): * . ’)
CALL CHAHOL ' 02 - * . ’)
CALL CHAFLO CG02,9)
CALL CHAHOL 1 N2 - * . ’)
CALL CHAFLO CGN2,9)
CALL CHAHOL ' H20 -*.')
CALL CHAFLO CGH20,9)
CALL M0VT02 84.,150.)
CALL CHAHOL ’COMB. GAS INLET T E M P . : * . ’)
CALL CHAFLO C GTEMK,11)
CALL CHAHOL ’ K e l v i n * . ’)
120 CALL M0VT02 70.,34.)
CALL PENSEL 1,0,0)
CALL CHAHOL *N2 * . ’)
CALL LINBY2 10.,0.)
CALL SYMBOL 1)
CALL LINBY2 10.,0.)
CALL CHAHOL * C02 *.*)
CALL LINBY2 10.,0.)
CALL SYMBOL 2)
CALL LINBY2 10.,0.)
CALL CHAHOL ’ H20 * . ’)
CALL LINBY2 10.,0.)
CALL SYMBOL 3)
CALL LINBY2 •
o
•
o
C ALL PENSEL 2,0,0)
CALL CHAHOL • CO *.')
CALL LINBY2 •
o
•
o
C ALL SYMBOL 6)
CALL LINBY2 10.,0.)
CALL CHAHOL ’ 02 * . ’)
CALL LINBY2 10.,0.)
CALL SYMBOL 7)
CALL LINBY2 10.,0.)
CALL CHAHOL ’ H2 * . ’)
CALL LINBY2 10.,0.)
CALL SYMBOL 8)
CALL LINBY2 o • o •
FILE: FLAME.FTN DATE: SUN, AUG 26 1984
CALL P E N S E L (5,0,0)
CALL M O V T O 2 C 9 0 . ,28.) 
CALL C H A H O L C 1OH *.») 
CALL L I N BY 2C 10.,0.) 
CALL S Y M B O L (1)
CALL L IN B Y 2 C 10.,0.) 
CALL C H A H O L C 1 H «.') 
CALL L IN BY 2C 10.,0.) 
CALL S Y M B O L (2)
CALL LIN BY 2C 10 . ,0.) 
CALL CHA HO LC 1 0 * . M  
CALL L I N BY 2C 10.,0.) 
CALL S Y M B O L (3)
CALL L IN B Y 2 C 10.,0.) 
CALL C H A HO LC 1 NO «.») 
CALL L IN BY 2C 10 . ,0.) 
CALL S Y M BO L (4)
CALL LINBY 2C 10 . ,0.) 
CALL DEVEND 
RETURN 
END
FI
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FILE: TABLES DATE: FRI, AUG 31 198^1
DATA INPUT FOR HEAT FLUX METER CALCULATIONS 
PROGRAM WRITTEN FOR THE PROCESSING OF RESULTS TAKEN FROM 
THE EXPERIMENTS CARRIED OUT ON THE HEAT FLUX METER IN THE 
MUFFLE FURNACE.THIS IS TO BE USED FOR SPECIFIC DATA 
(FOR DATA MF10 to 100SS ONLY,s.state)
INPUT FORMAT!!!!!
DATA INPUT FORMAT -
Trial No. (up to 10 characters)
C New line
C No. of Data Sets (Int.)
C New line
C No. of Readings per Data Set (Int.)
C New line
C Orion Data as.....
C S T 1 1*1:06:05.3 
C C 005 0.0125259KGS M 
C C 005 0 KGS S
C etc 
C .
C .
IMPLICIT REAL*8 (A-H,0-Z)
C .
C .
C
C Muffle Furnace Power Input Settings - these are prompted for.
C
C
c
COMMON/A/MDATA(200,50),DATA(200,50),MHTIME(200),MTIME(200)
+,TOT(200),NTRL(5),MHMFT(15),MMFT(15),SMFT(15),PWRIN(15)
+,ET0T(20Q ),FKAAV(2C0),S7IME(200),PVIRMF(200),QCONV(200),ORAD(200) 
COMMON/B/Q1T0T(200),Q2T07(200),AVOUT(200),AVIN(200),AVDT(200),
+FK1AV(200),FK2AV(200),FIHFM(200),FICW(200),CVJMES(200),Q3TOT(200), 
+TOUT (200),TIN (200), DELTSH (200), TMID (200) ,FTCSHL(20C), SC-RAD(200)
'COMKON/C/AVTCW(200),TWV(200),TWAV(200),DTCW(200),SIGN 1 (200)
+ , FIT OP (200) ,FIB0T (200), FTLEFK2Q0 ), FIRHT (200), FI REA R (200), EM V (200) 
+ ,FIFRNT(200),FIRALL(200),STRATA(200,50),DELTCVJ (200),AV?CU(200) 
CCMMON/D/TWAT(200),TWAB(200),SGRD(200),SIGN2(200),SIGN3(200),SIGN 1 
+0 (200) ,BETAV(200) ,BETAT(200) ,BETAB(200),DAT (200),SIGN*! (2 
+00),FETOP(200),FEBCT(200),FELEF7(20Q),FERH7(20C),FEREAR(230)
+,FEF RNT(200),FER ALL(200),FFTOP(2 00),FFSOT(200),FFLEFT(200)
COMMON/E/VAIRV( 200 ), VAIRT (200 ), VATRR (200), 7TWA (200) , PR AIR- (200 )
+,FKAIR(200),GRWV(200),GRWT(200),GRUB(200),ORPRV.’V(200),GRPRW7(200)
+, GRPRWB(200),BWV(200 ),HWT(200),HWB(200), EMT(200), EMB(200), STGM5 (20 
+0),SIGN6(200),SIGNS(200),SIGM9(200),DSH(200),QT(200),FMV3(200)
COMMON/F/EML(200),EMR(200),EMF(200),EMBK(200),FKSS(200),CPSS(200)
+,CPCW(200),FKS(200),CPS(200),ROCW(200),TINT(200),APR(200 )
+,FF R HT(2 0 0),FF R E A R(2 0 0),FFF R N T(2 0 0),FF R A LL(2 0 0),QIS(20 0)
COMMON/G/FK3A V(200),EST(200),ESB(200),ESL(200),ESR(200),ESBK(200)
+,ET(200),EB(200),EL(200),ER(200),EBK(200),CPMF(200),GRAD(200)
+ ,SIGN 11 (200),FMV1 (200),FMV2(200),ROAIR(200),
+FMV*l (200), FMV5 (200),FMV6 (200 ), FMV8 (200)
C0MM0N/H/FMV9(200),STGN7(200),FDTCW(200)
+, HCVJ (200), VIL (200),ST (200), PR (200), RE (200), FMUCW(200 ) ,
+FKCV/ (200), AX1 (200), AY1 (200), LX1 (200),LY1 (200)
+,AX2(200),AY2(200),LX2(200),LY2(200)
C
D m n r r  t W m t d t  ( t "s T _ 1  cr >
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5 F O R M A T (5A2)
R E A D (5,10)N,M 
10 F ORMAT(13)'
W R I T E (2,7)
7 F Q R M A T O H  , ’Does the Orion Data String include both Mean & Standar 
+d Deviation Data , (1=Yes,2=No).’//)
R E A D( 1 ,8)NDT
8 F0RMAT(I1)
C
C
DO 20 K = 1 ,N 
W R I T E (6,9)K
9 F0RMAT(1H ,1*1)
READ(5,25)MHTIME(K),MTIME(K),STIME(K)
25 FORMAT (6X, 1 2 , 1X,1 2 , 1X,F4. 1)
DO 23 J = 1, M
READ(5,30)MDATA(K,J),DATA(K,J)
30 FORMAT(2X,I3,F10.0)
IF(NDT.EQ.2) GOTO 23 
READ(5,37)STDATA(K,J)
37 F O R M A T (5 X ,F 10.0)
23 CONTINUE
20 CONTINUE
DO 59 J Y = 1 ,N
DATA(JY,1)=DATA(JY,1)-0.00
59 CONTINUE
DO 22 KR=1,N 
DO 67 IG=1,M
W R I T E (6,33)M D A T A (K R ,I G ),D A T A (K R ,I G )
33 FORMAT(1H ,I3,2X,F15.*0 
67 CONTINUE 
22 CONTINUE
nw
C TIME INTERVALS BETWEEN Jth AND J+1th DATA SETS
r>U
K=N-1
DO **0 J = 1, K 
MT=MTIME(J+1)
IF(STIME(J+1).GE.STIME(J))G0T0 50
■S=STIME(J+1)+60.0
MT=MTIME(J+1 )-1
U=S-STIME(J)
GOTO 60
50 U =S TI ME (J+1)-STIME(J)
60 IF(MT.GE.MTIMECJ))GOTO 70
M\v = M T + ((MHTIME (J +1)-MHTIME (J )) *60)
MX=MW-MTIME(J)
GOTO 80 
70 M X = MT -M TI ME (J )
C TIME BETV'/EEN Jth & J+1th DATA SET 
80 TINT(J)=(FLOAT(MX)*60.0)+U
C TIME OF Jth POINT FROM BEGINNING OF RUN 
I F ( J. EQ . 1) T O T ( J ) = T I N T (J)
I F (J .N E .1) T O T (J)=TOT(J-1)+TINT(J)
40 CONTINUE
DO 56 J=1,K 
W R I T E (6,87)TOT(J)
87 F O R M A T d H  ,F15.3)
56 CONTINUE
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C MUFFLE FURNACE POWER INPUT SETTINGS (averages)
C
WRITE(2,900
90 FORMATdH ,’Please enter the Muffle Furnace Power Input Settings a 
+s ....’) •
. WRITE(2,100)
100 FORMATdH ,’NUMBER OF FURNACE POWER INPUT SETTINGS’)
WRITE(2,110)
110 FORMATdH ,’START TIME (e.g., 11 :26: 57. 8) <space> FURNACE INPUT (WA 
+TTS) Creel no.>’)
WRITE(2,120)
120 FORMATdH ,’TIME AT WHICH POWER INPUT CHANGED (e.g., 12: 34:11. 9) <s 
+pace> NEW FURNACE INPUT (WATTS) Creal no.>’)
WRITE(2,140)
140 FORMATdH ,’n.b.,Trial start time must correspond with Orion Data 
+!!.’///)
WRITE(2,150)
150 FORMATdH , ’Enter Data b e l o w  ’)
READd , 160 )NUM 
160 FORMAT(I2)
DO 170 KJ=1,NUM 
WRITE(2,165)
165 F0RMAT(1H+,’> ’)
READ( 1,180 )MHMFT(KJ),MMFT(KJ),SMFT(KJ),PWRIN(KJ)
130 FORMAT(12,1X,I2,1X.F4.0,1X.F10.2)
170 CONTINUE
C
C TIME BETWEEN DIFFERENT MUFFLE FURNACE POWER INPUTS 
C
IFU'UM.EQ. 1) GOTO 298 
L=NUM-1 
DO 200 J=1,L 
MET=MMFT(J+1)
IF(SMFT(J+1),GE.SMFT(J)) GOTO 210 
ES=SMFT(J+1)+50.0 
MET=MMFT(J+1)-1 
EU=ES-SMFT(J)
GOTO 220 
210 EU =SMFT(J+1)-SMFT(J)
220 IF(MET.GE.MMFT(J)) GOTO 230
MHS=MET+60 
MFT=MHMFT(J+1)-1 
MEW =MH3~MMFT(J)
MTP =MFT-MHMFT(J)
GOTO 240 
230 MEW =MET-MMFT(J)
MTPrM!IMFT(J+1 )-M!dFT(J)
0 TIME BETWEEN DIFFERENT POWER SETTINGS 
240 ETINT=(FLOAT(i-;TP)*36OO.C)+(FLOAT(MEW)*50.O)+EU
C RUNNING TOTAL BETWEEN START OF TRIAL AND Jth POWER SETTING (SECS.).
IF(J.EQ.1) ETOT(J)=ETINT 
IF(J.NE.1) ETOT(J)=ETOT(J-1)+ETINT 
200 CONTINUE
DO 123 J=1,L 
WRITE(6,781)ETOT(J)
781 FORMATdH ,F15.4)
123 CONTINUE
DO 654 KW=1,NUM 
WRITE(6,429)PWRIN(KW)
429 FORMATdH .F10.2)
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654 CONTINUE
C
C POWER SETTINGS. AT EACH DATA POINT 
298 KF=1
DO 195 1=1,NUM .
. D O  197 J=KF,N
IF (I.EQ.NUM) PWRMF(J)=PWRIN(I)
IF (I.EQ.NUM) GOTO 197
IF (TOT(J).LT.ETOT(I)) PWRMFCJ)=PWRINCl)
IF (ABS(ETOT(I)-TOT(J)).LT.1.0) KF=J 
IF (ABSCETOT(I)-TOT(J)).LT.1.0) GOTO 195 
197 CONTINUE 
195 CONTINUE 
C MUFFLE FURNACE TEMPERATURE SYSTEM (Keivin).
C CONVECTIVE & RADIATIVE LOSSES FROM MUFFLE FURNACE TO 
C THE SURROUNDINGS 
WRITE(6,9123)
9123 FORMAT(16X,’TYPICAL RESULTS OF THE STEADY STATE CALIBRATION’) 
’WRITE (6,9124)
9124 F0RMATC16X, ’*#********************$££**£***£******«********’) 
WRITE(6,9125)
9125 F0RMAT(16X,’ //)
C
c
WRITE(6,5222)
5222 F0RMATC6X,’TEST RUN: MF*SS')
WRITE(6,2225)
2225 F0RMATC6X,’*******«»*******»//)- 
WRITE(6,2222)
2222 F0RMATC6X,’ELECTRIC POWER INPUT TO SYSTEM’)
WRITE(6,5555)
5555 F0RMAT(6X,’******************************'//)
WRIT E(6,119)
119 FORMATCSX,’elapsed ’,2X,’elect power ’,3X,’interval’)
WRITE(6,821)
821 F0RMATC6X,’time,sec’,2X,’input,wstts’,3X,’sec’)
WRITE(6,8121)
8121 FOR M AT (6X , ’-----’, 2X, ’---------------’, 3X, ’-------- ’)
C
DO 888 I=KF,N
V/RITEC6,903 )T0T (I), PWRIN (I) ,TINT (I)
903 FORMATdH , 3F12. 3)
888 CONTINUE 
KY=NUM-1 
DO 907 1=1,KY 
V/RITEC6,913)ETOT(I)
913 FORMATdH ,F12.4)
907 CONTINUE
C
c
C CONVECTIVE , RADIATIVE A TOTAL LOSSES FROM MUFFLE FURNACE 
C TO THE SURROUNDINGS.(VISC. in m2s**-1)
SIG=5.6695E-8 
DO 273 I=1,N
TWV(I)=Q.25^(DATA(I,8)+DATA(I,11)+DATA(I,13)+DATA(I,12))
TWAV(I)=(TWV(I )+DATA(I,10))/2 
TW AT(I)=(DATA(1 ,6)+DATA(1,10))/2 
TWAB(I)=(DATA(1,7)+DATA(I,10))/2 
BETAV(I)=1/TOAV(I)
RFTATfT 1=1 /TtlfiT(T 1
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B E T AB CI )=1/ T W A B ( I )
VAIRV(I)rl.7208E-06+2.2723E-09*TWAV(I)+1.6212E-10*(TWAV(I))*#2 
. 8703E~1 {4«(TOAV (I 
VAIRTCI) = 1.7208E-06+2.2723E-09*TWAT(I) + 1 .6 21 2E -1 0* (T WA T( I )) **2 
-*— 4^ • 8703E— 1 *i*(TVJAT (I) )*.*3 ,
VAIRB(I) = 1.7208E-06+2.2723E-09*TWAB(I)+1,6212E-10if(TW AB (I ) )**2 
8703E-1 M*(TOAB (I ))
TTWA(I)=((™V(I)+TCAT(I)+Tl-/AB(I))/3)
PRAIR (I )=9.0839E-01 - 1 . 1777E-03*TTVIA(I )+2.1731E-06*(TTVJA(I) )**2 
+-1.7155E~og^(TT\-/ACl) )*^3+5.1^406E-1 )
- FKAIR(I)=~1 . 8 0 7 7 E - 4 + 1 . 0 0 M E - 0 4 m V J A ( I ) - ,4 . m 5 E - 0 8 * ( T T W A ( I ) ) * * 2  
++1.1785E-11*(TTWA(I))**3 
R 0 A I R ( I ) = 3 . 0 8 8 M - 9 . 6 6 7 E - 0 3 * T T W A ( I ) + 1 . 2 0 i n E - 0 5 * ( r a A ( I ) ) ^ 2  
+-1.9091E-09*(TTWA(I))**3-7.2388E-12*(TTWA(I))**4+I4.0427E- 
+15*(TTWA(I))**5
G R \ m i ) r 0 . 6 2 7 8 4 * B E T A V ( I ) * ( T W V ( I ) - D A T A (1 , 10))*(ROAIR(I)**2/(VAIRV(I 
+ ) )**2
GRVJTCI)=4.63523*BETAT(I)*(DATA(I,6)-DATA(I,10))*(RO AI R( I ) )**2/(VAI 
+RT(I))**2
G RW BC I) =M .63523*BETAB(I)*(DATA(I,7)-DATA(I,10))*(ROAIR(I))**2/(VAI 
+RB(I))**2.
G RPRWVCI)=GR¥V(I)*PRAIR(I)
GRPRV/KI )=GRWT(I )*PRAIR (I)
GRPRWB(I)=GRWB(I)*PRAIR(I)
C FROM ROSE et al (1977) PP62-65;
APR (I ) = (PRAIR (I)/(2.43^78+4. 884*PRAIR (I)**0.5+M. 95283*PRAIR (I)
+ ))if*0.25
IF(GRPRWV(I).LT.10E03) HWV(I)=^.000772*FKAIR(I)/
+AL OG ( 1+1.6/(APR(I)*(GRPRWV(I)**0.25)))
IF(GRWV(I).GE. 10E03.AND.GRWV(I).LE.20E09) HVJV(I) =
+2.5*FKAIR(I)*APR(I)*GRPRWV(I)**0.25 
IF(GRWV(I).GT.20E09) HWV(I )=0. 416*FKAIR (I )*GRPRWV(I )**0. 333 
IF (GR PRWT (I ). L E . 10E06) H W T ( I ) = 1.213 4 8 31* F K A I R (I )*GR PRWT (I ) * * 0.25 
I F (GR P R W T (I ).G T .10E 06) H W T (I ) = 0.314 60 57 *FK A I R (I )*GR P R W T (I )* * 0. 3 3 3 
H WB (I)=Q. 6067415*FKAIR (I )*(GRPRWB(I))**0.25 
273 CONTINUE
C
AVCONV=0.0 
AVRAD=0.0 
AV1TOT=0.0 
DO 822 1=1 , N
QC0NV(I)=HWV(I)*0.178*(DATA(If13)-DATA(I,10))
+ +H¥V(I)*0.178*(DATA(1,12)-DATA(I,10)) 
++HWV(I)*0.2*(DATA(If8)-DATA(If 10))
+ + H WV (I ) *0. 2 s (DATA (1,11 )-DATA (1,10))
+ +HWT(I)*0.2225*(D A T A (1,8)-DATA(1,10)) 
+ +HWB(I)*0.2225*(DATA(I,7)-DATA(If10)) 
EMT(I)=0.95-5.2E-4*(DATA(I,6)-373)
EMB(I)=0.95-5.2E-4 *(DATA(I,7)—373)
EHL(I)=0.95-5.2E-4*(DATA(I,8 ) - 37 3 )
EMR(I)=0.95-5.2E-4*(DATA(I,11)—373)
E MF (I )=0.75-5.2E-4 *(D A T A (I ,13)-373) 
EMBK(I)=0.95-5.2E-4*(DATA(I,12)-373)
C
QRT0P=SIG*.2225*EMT(I)*((DATA(I,6)**4.0)-(DATA(I,10)**4.0)) 
QRB0T=SIG#.2225*EMB(I)*((DATA(I,7)**4.0)-(DATA(I,10)**4.0)) 
Q RLEF=SIG*. 200*EML(I )*( (DATA(1, 8 )* *4 .0)-(DATA(I,10)**4.0)) 
QRRIG=SIG*.200*EMR(I)*((DATA(1,11 )*#4.0)-(DATA(1,10)**4.0)) 
QRFRO=SIG*. 178*EMF(I )*( (DATA(1,13 )**4. 0)-(DATA(I, 10)**4.0)) 
QRBAC=SIG*.178*EMBK(I)*((DATA(I,12)*#4.0)-(DATA(I,10)**4.0))
o 
o 
o
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QRAD(I)=QRTOP+QRBOT+QRLEF+QRRIG+QRFRO+QRBAC 
C AT SMALL M/F SURFACE TO AMBIENT TEMP DIFFERENCES THE EMMISIVITY 
C OF THE M/F SURFACE CHANGES RAPIDLY. THUS AT LOW TEMP DIFFERENCES 
C RADIATIVE TRANSFER IS ASSUMED TO BE ZERO.
IF( QR AD (I).LT.0.O OOOOOO) QRAD(I)=0.00000
C
Q1T0T(I)=QCONV(I)+QRAD(I)
C
AVCONV=QCONV(I)+AVCONV 
A VR A D =QR A D (I) + A VR A D 
AV1T0T=Q1T0T(I)+AV1T0T
C
822 CONTINUE 5
C
AVCONV=AVCONV/FLOAT(N)
A VR AD =AVRAD/FLOAT(N)
AV1T0T=AV1TOT/FLOAT(N)
EVALUATION OF M/F AVERAGE WALL TEMP. DIFFERENCE & AVERAGE 
C THERMAL CONDUCTIVITY OF M/F WALLS USING CONDUCTION SHAPE FACTORS.
AV2T0T=0.0
C
DO 275 KL = 1, N 
I=KL
AVOUT(KL)=(DATA(KL,6)+DATA(KL,7)+DATA(KL,8)+DATA(KL,11)
++DATACKL,13)+DATA(KL,12))/6.0 
AVIN(KL)=(DATA(KL,14)+DATA(KL,15)+DATA(KL,2)+DATA(KL,17)
++DATACKL,15)+DATA(KL,18))/6. 0
C
AVDT(KL)=AVIN(KL)-AVOUT(KL)
FK1AVCKL)=Q1T0T(KL)/(2.91*AVDT(KL))
C steady-state conduction thru’ MF walls (MF walls cond.shape factor=2.91 m2) 
FK2AV(KL)=1.1001-5.0042E-03*AVDT(KL)+1.206E-05*(AVDT(KL))**2 
+-S.0G61E-Q9*(AVDT(KL)}S*3 .
C Q2T0T CALCULATION s.state
Q 2 T O T ( K L ) = 2 . 9 1  * A V D T ( K L ) *  F K 2 A V ( K L )
C EVALUATION OF MF WALL INTERNAL ENERGY CHANGES UNDER 
C TRANSIENT CONDITIONS (IF AMY).
C therm.cond. for transient condition=FK3AV
FK3AV(KL)=9.4782E-01-3.7425E-03*AVDT(KL)+8.6213E-06*(AVDT(KL)) 
+**2-5.3028E-09*(AVDT(KL))**3 
Q 3TOT(KL) = 2.91“AVDT(KL)* FK3AV(KL)
AV2T0T=Q2T0T(KL)+AV2TOT 
275 CONTINUE
C
AV2T0T=AV2T0T/FLOAT(N)
DO 280 1=1,N 
IF (I.EQ.N) GOTO 283 
IF (I.NE.1) GOTO 281 
C AT FIRST POINT ENERGY CHANGE CALCULATED WILL BE MORE 
C APPROXIMATE THAN INTERMEDIATE POINTS.
GRAD(I)=(AVDT(1+1)-AVDT(I))/TOT(I)
GOTO 280
281 GRAD(I)=(AVDT(1+1)-AVDT(1-1))/(TOT(1+1)-TOT(1-1))
GOTO 280
C LAST POINT WILL ALSO BE MORE APPROXIMATE.
283 GRAD(I)=(AVDT(I)~AVDT(1-1))/(TOT(I)-T0T(1-1))
r
oO A rnxrTTRmr'
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C
AVER=0.0 
AVIR=0.0 - 
AVFCrO.O 
AVTOUTrO.O 
. AVTIN=0.0 
AVTMDrO.O 
AVDE=0.0 
FLO=0.0
C
C CALCULATION OF RADIATION EXCHANGE BETWEEN HFM SURFACE AND MF INT.WALLS 
C EMS1-5=ESx,EMS6=0.75,EMSshell=0.96*VARIABLE 
DO 845 1=1,N
EST(I)=0.75*(1-5.27E-04*(DATA(I,18)-373))
ESB(I)=0.75*(1-5.27E-04*(DATA(I,14)-373))
ESL(I)=0.75*(1-5.27E-04*(DATA(I,2)-373))
ESR(I)=0.75*0-5.27E-04*(DATA(I,15)-373))
ESBK(I)=0.75*0-5.27E-04*(DATA(I,l6)-373))
ET(I)=1/((1/EST(I))+0.04175)
EB(I)=1/((1/ESB(I))+0.0417)
EL(I)=1/((1/ESL(I))+0.0417)
ER(I)=1/((1/ESR(I))+0.0417)
EBK(I)=1/((1/ESBK(I))+0. 0417)
C ENERGY AVAILABLE FOR TRANSFER(1st approx)jFERALL(I):-■ 
FETOP(I)=8.41E-10*EST(I)*(DATA(I,18)**4)
FEBOT(I) = 8.41E-10*ESB(I)*(DATA(I,14)**4)
FELEFT(I)=4.18E-10*ESL(I)*(DATA(I,2)**4)
FERHT(I)=4.1SE-10*ESR(I)*(DATA(I,15)**4)
FEREAR(I)=1.2556E-10«ESBK(I)*(DATA(I,16)**4)
FEFRNT(I)=0.9131635E-1O*(DATA(I,17)**4)
FERALL(I)=FETOP(I)+FEBOT(I)+FELEFT(I)+FERHT(I)+FEREAR(I)+FEFRNT (I) 
C CPHF (J/KG K) TEMP.(DEG C)
CPMF(I)=7.2956E02+5.9447E-01*AVDT(I)-2.2499E-04*(AVDT(I) )*
+ *2
C HEAT REC’D BY HFM,(approx.)
FFTOP(I)=5.41E-10*ET(I)*(DATA(I,18)**4-(DATA(I,3))**4) 
FFBOT(I)=8.41E-10*EB(I)*(DATA(I,14)**4-(DATA(I,3))**4)
FFLEFT(I) = 4.18E-10 *EL(I )*(DATA(1,2)* *4-(DATA(1,3))* * 4)
FFRHT(I)=4.18E-10*ER(I)*(DATA(1,15)**4-(DATA(1,3))**4 )
FFREAR(I)=1.2556E-10*EBK(I)*(DATA(1,16)**4-(DATA(1,3))**4 )
FFFRNT(I)=0.913163 6E-10*(DATA(1,17)**4-(DATA(1,3))**4)
FFRALL(I) =FFTOP(I)+FFBOT(I)+FF LEFT(I)+FF RHT(I)+FF R EA R(I)+FFFRNT(T )
C
FIHFM(I)=(PWRMFCI)-Q1T0T(I))
C ENERGY VARIATION IN SYSTEM STRUCTURE;QIS(I):- 
QIS(I) = PWRIN(I)-FERALL(I)-Q1TOT(I)
C AV.HFM OUTER & INNER SHELL TEMP.(cond.shape factors=shl out.half 
C =4.9615118m,shl in,half=4.1535m,shl all=2.2608m)
C ENERGY CONDUCTED THROUGH HFM SHELL,k in W/M K,Cp J/KG K 
C TEMP.TO BE IN DEG C
DAT(I)=DATA(I,3)-273.15
FKSSd )=25.092+1.5694E-2*DAT(I)-2.6588E-5*(DAT(I))**2 
++7.0679E-9*(DAT(I))**3 
CPSS(I)=1000.0*(4.3069E-01+8.0707E-04*(DAT(I))-2.8992E-06*(DAT(I)) 
■+**2+7.0817E-09*(DAT(I))**3-4.64l3E-012*(DAT(I))**4)
C CORRELATION FOR CW TEMP.DIFF. (for 0.04<=CWflow<=0.055KG/S)
DTCW(I) = DATA(1,5)-DATA(1,9)
DELTCVKI)=-1.749+2.1271*DTCW(I)-3.5704E-01*(DTCW(I))**2 
++3. 4581E-02*(DTCW(I) )**3-1.1966E-03*(DTCW(I) )**4 
C AVTCW IN DEG C.AVPCW IN DEG K
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AVTCWCI)=0.5*(DELTCW(I)+2*( (DATA(I,5)-273.15)-DTCW(I))) 
AVPCW(I)=AVTCW(I)+273.15
CPCWCI )=1000*(4. 2159-1 .9094E-3*(AVTCW(I))+2.0846E-5*(AVTCW(I))**2) 
C C/W HEAT CONTENT,CORRELATED,FICW=C/Wcalc1
FICW(I)=CPCW(I)*DELTCW(I)*DATA(I,1) ,
.TOUT(I)=DATA(I,3)+FICW(I)/(4.991164*FKSS(I))
TIN(I)=DATA(I,3)-FICW(I)/(4.1664132*FKSS(I))
C ENERGY ABSORBED BY THE GHFM (radiative exchange); FIRALL(I):- 
FITOPCl)=8.41E-10*ET(I)MDATA(I,1S)**4-TOUT(I)**4)
FIBOT(I )=8.41E-10*EB(I )*(DATA(1,14)**4-TOUT(I )**4)
FILEFT(I)=4.18E-10*EL(I)*(DATA(I,2)**4-TOUT(I)**4)
FIRHT(I)=4.18E-10*ER(I)*(DATA(I,15)**4-T0UT(I)*«4)
FIREAR(I)=1.2556E-10*EBK(I)*(DATA(I,16)**4-T0UT(I)**4)
FIFRNT(I)=0.913l636E-10*(DATA(I,17)**4~TOUTd)**4)
FIRALL(I)=FITOP(I)+FIBOT(I)+FILEFT(I)+FIRHT(I)+FIREAR(I)+FIFRNT(I) 
DELTSH(I)=TOUT(I)-TIN(I)
C HT.CONDUCTION THRU. SP.SHELL ;a-cond.shape factor 
FICSHLd )=2. 2605*FKSS (I )*DELTSH (I)
C b-energy variation in shelKif any)
C FROM CRANK P89 EQN. 6.7
DSH(I)=(0.7112*FKSS (I) )*TOT(I)/(8027.17*CPSS(I))
QT(I)=2.26?304*DSH(I)*DELTSH(I)
C TAKING ARITHMETIC AV.'OF SPHERE SHELL OUTER A INNER 
C SKIN TEMPS.(approx.)
TMID(I)=(TOUT(I)+TIN(I))/2.0
C
AVER=FERALL(I)+AVER 
AVIR=FIRALL(I)+AVIR 
AVFC=FICW(I)+AVFC 
AVTOUT=TOUT(I)+AVTOUT 
AVTIN=TIN(I)+AVTIN 
AVDE=DELTSH(I)+AVDE 
A VTM D= (DAT (I) +27 3.15 )+A VTM D 
FL0=DATA(I,1)+FL0
nU
845 CONTINUE
C
AVER=AVER/FLOAT(N)
AVIR=AVIR/FLOAT(N)
A VFC = A VFC / FLO A T (N)
AVTOUT=AVTOUT/FLOAT(N)
A VTIN = A VT IN /FLO A T (N )
AVDE=AVDE/FLOAT(N)
AVTM D=AVTMD/FLOAT(N)
FLO=FLO/FLOAT(N)
C HFM SHELL INTERNAL ENERGY CHANGES (TRANSIENTS)
DO 400 1=1,N 
IF(I.EQ.N) GOTO 483 
IFd.NE. 1) GOTO 481 
C FIRST POINT ENERGY CHANGE CALCULATED WILL BE MORE 
C APPROXIMATE THAN INTERMEDIATE POINTS.
SGRAD(I)=(TMID(I+1)-TMID(I))/TOT(I)
GOTO 400
481 SGRAD(I)=(TMIDCI+1)-TMID(I-1))/(TOT(I+1)-TOT(I-1))
GOTO 400
C LAST POINT WILL ALSO BE MORE APPROXIMATE THAN INTERMEDIATE 
C POINTS.
453 SGRAD(I)=(TMID(I)-TMID(I-1))/(TOT(I)-TOT(I-’1))
C
nnn rnMTTMMF
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C SP.HT(J/KG K)&THERM(W/M KV.COND OF SOLID SPHERE 
DO 500 1=1 ."N
FKS(I)=2.5092E01+1.5694E-02*AVTCW(I>-2.'6588E-05*(AVTCW.(I>)**2-
++7.0679E-09*(AVTCW(I))**3
.CPS(I)=1000.0*(4.3069E-01+8.0707E-04*(AVTCW(I))-2.8992E-06*(AVTCW( 
+1 ))**2+7.08l7E-09*(AVTCW(I))**3-4.6il13E--012*(AVTCW(I))**4)
500 CONTINUE
C
C SOLID SP OF HFM INT.E'GY C'NGE(TRAN'TS);FISP 
DO 505 1=1,N 
IF (I.EQ.N) GOTO 510 
IF (I.NE.N) GOTO 508 
C FIRST PT.E'GY C'NGE CALC. WILL BE MORE APPROX.
C THAN INTERMEDIATE PTS.
SGRDCI)=(AVTCW(1+1)-AVTCW(I))/TOT(I)
GOTO 505
508 SC-RD(I) = (AVTCW(I+1 )-AVTCW(I-1 ))/(T0T(I+1 )-T0T(I-1))
GOTO 505
C LAST PT.WILL BE MORE APPROX. THAN INTERMEDIATE PTS.
510 SGRDCI)=(AVTCWCI)-AVTCW(I-1))/(TOT(I)-TOT(1-1))
505 CONTINUE
C
AVME=0.0 
DO 700 I = 1, N
C EVALUATION OF C/W LOSSES FROM THERMOCOUPLE MEASUREMENTS.
CWMES(I)=CPCW(I)*DATA(1,1)*DTCW(I)
C
AVME=CWMES(I)+AVME 
700 CONTINUE
AVME=AVME/FLOAT(N)
C
AVSIG1=0.0 
AVSIG2=0.0 
AVSIG3=0.0 
AVSIG4=0.0 
AVSIG5=0.0 
AVSIG6=0.0 
AVSIG7=0.0 
AVSIG8=0. 0 
AVSIG9=0.0 
A VSG 11=0.0,
C
AVHCWsO.O 
AVVIL=0.0 
AVRE=0.0 
AVST=0.0 
AVPR=0.0 
AVAX1=0.0 
AVAY1=0.C 
AVAX2=0.0 
AVAY2=0.0 
AVMUrO.O 
AVROCW=0.0
C
DO 777 1=1,N
FMUCW(I)=1,791E-03-6.0436E-05*AVTCW(I)+1.4236E-06*
+ (AVTCW(I) )ss2-2.2064E-08*( AVTCV/CI))**3+1.90’95E-10s 
+(AVTCW(I))#*4-6.8212E-13*(AVTCW(I))**5
t? vri.i ( t \ _ c &f,r\r71? n  1 , 0  m  c o r  r\o £ ( a ( t  ^  N _ 0 q c  i n
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+(AVTCW(I))**2
R O C W d  ) = 9 . 9986E02-1. 593E-02*AVTCW(I )-4. 7542E-Q3*(AVTC1 
++6.8 4 2 2E -0 6* (A VT CW (I ))** 3 
SIGN 1(I) = D A T A (1 ,3)-A V P C W (I ) 
SIGN2(I)=DATA(I,3)-(DTCW(I)+273.15)
SIGN 3(1)= D T C W (I )
SIGN4 (I )=DELTCVJ(I)
SIGM5CI )=AVTCW(I)
SIGN 6 (I) = D EL T S H ( I )
SIGN?(I )=FICW(I)
SIG NS (I)=DATA(I,3)-273.15 
SIGN9(I)=0.5*(SIGN8(I)+SIGN5(I))
SIGN 11 (I)=DATA(1, 19 )-273. 15
C
C CORRELATIONS FOR COEFF.HT TR.(=HCW) OF GHFM(based on REFS 
H CV KI )= FI CW (I )/(0.0107881“ (TIN(I)- A V PC W( I )))
VIL (I ) = DATA (1 , 1) / (1. 63 3 4 E - 0 3 * ROCW (I ))
S T (I ) = H C W (I )/(V I L (I )*CPCW(I )*R O C W ( I ))
R E (I ) = D A T A (1 ,1)/(0.CM 77 * F M UC W( I ))
P R (I ) = (C PCW (I ) * FM UC W (I)) / FKCW (I )
C- Rcdiud ratio R = (srnsll rad/large rad)
AX1(I ) = 0 . 628*R-E (I )**0. 2 
AY1(I)=521.2168*ST(I)*(PR(I))**0.667
C L X1 (I )= AL OG (AX1(I))/2.303
C LY1(I)=ALOG(AY1(I))/2.303
AX2(I)=1,0766005*RE(I)**0.32 
AY2(I)=ST(I)*(PR(I))**0.667
C LX2(I)=ALOG(AX2(I))/2.303
C LY2(I)=ALOG(AY2(I))/2.303
F D T C W (I)= FI RA LL (I )/(CPCW (I )* D A T A (1,1))
C
AVHCW =IICW (I ) +A VHCW 
AVVIL=VIL(I)+AVVIL 
AVRE =RE (I ) +A VR E 
AVST =ST(I)+AVST 
AVPR=?R(I)+AVPR 
AVAX1=AX1(I)+AVAX1 
AVAY1=AY1 ( D + A V A Y i  
AVAX2=AX2(I)+AVAX2 
AVAY2=AY2(I)+AVAY2 
A VMU =F M UC'W (I )+A V'iU 
AVROCV,T=ROCV?(I )+AVROCW
c
AVSIG1=SIGN1(I)+AVSIG1 
AVSIG 2=31G N 2(I)+AVSIS2 
A V SIG 3=SIG N 3 (I )+A V SIG 3 
AVSIG4=SIGNn(I)+AVSTG44 
A VS IG5 =S IG N 5 (I )+A VSIG 6 
A VS IG 6=SIG N 6 (I ) + A VS IG 6 
AVSIG7=5IGN7(I)+AVSIG7 
AVSIGG=SIGM8(I)+AVSIG8 
AVSIG9=SIGH9(I)+AVSIG9 
A VS G1 1= SI GN 1 1 (I)+AVSG11
C
777 CONTINUE
C
A VH C W =A VH C W / FLO A T (N )
A VV IL=AVVIL/FLOAT(N)
A VR E=AVRE/FLOAT(N)
A VS T= AV ST /F LO AT (M )
H I )  ) * * 2
I
.46 A 152)
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AVPRrAVPR/FLOATCN)
AVAX1=AVAX1/FLOAT(N)
A V A Y U A V A Y 1 / F L O A T  (N)
AVAX2=AVAX2/FLOAT(N)
AVAY2=A VA Y2 /F L0 AT (N )
• AVMU=AVMU/FLOAT(N)
A VROCW=AVROCW/FLOAT(N)
C Average values of  signals in deg C 
A V S I G 1= A V 5 I G 1/FL OA T( N )
A VS IG 2=A VS IG 2 /FLO AT (N )
AVSIG3=AVSIG3/FLOAT(N)
A VS IG4=AVSIG4/FLOAT(N)
AVSIG5=AVSIG5/FLOAT(N)
AVSG5=AVSIG5+273.15
AVSIG6=AVSIG6/FLOAT(N)
AVSIG7=AVSIG7/FLOAT(M)
AVSIG8=AVSIG8/FLOAT(M)
AVSIG9=AVSIG9/FLOAT(N)
A V S G 11= A V S G 11/ F L OA T( N )
C
AVMV1=0.0 
AVMV2=0.0 
AVMV3=0.0 
AVMV4=0.0 
AVMV5=0.0 
AVMVSrO.O 
AVMV8=0.0 
AVMV9=0.0
C
DO 650 1=1 , N
FHV1 (I )=4.14 2 8 E- 03 +3 .872E-02*SIGN 1 (I )+4.9272E-05*(SIGN 1 ( D )  
+**2-3.7043E-07*(SIGN1(I))**3+1.0742E-09*(SIGN1(I))**4 
+-1.0 46 2E -1 2* (S IG N 1(1) )**5
FMV 2C I) =4 .1428E-03+3.872E-02*SIGN2(I)+4.9 27 2E-05*(SIGN2(I)) 
+**2-3.7043E-07*(SIGN2(I))**3+1.0742E-09*(SIGN2(I))**4 
+ - 1 .0 46 2E-12*(SIGN2(I) )**5
FMV3(I )=4.1428E-03+3.872E-02*SIGN3(I )+4.9272E-054'(SIGM3CI)) 
+**2-3.7043E-07*(SIGN3(I))*s3 + 1 . 0 7 4 2 E - 0 9 * ( S I G K 3 ( D ) * * 4  
+-1.0452E-12*(SIGN3(I))**5 
FMV 4( I) =4 .1428E-03+3.872E-02*3IGN4(I)+4.9 272E-05*(SIGN4(I)) 
+**2-3.7043E-07*(SIGN4 (I) )**3+l.0742E-09*(SIGN4(I) )**4 
+-1.0462E-12*(SIGN4(I))**5 
FMV5(I)=4.1428E-03+3.S72E-02*SIGN5(I)+4.9272E-05*(SIGN5(I)) 
+ **2-3.7043E-07*(SIGN5(I) )**3+1.0742E-09*(SIGN5(I) )**4 
+-1 .0462E-12*(SIGN5(I) )**5
F M V 6( I) =4 .1428E-03+3.872E-02*SIGN6(I)+4.9 27 2E-05*(SIGNS(I)) 
+ s*2-3.7043E-07*(SIGN6(I))**3+1.0742E-09*(SIGN6(I))**4 
+-1.0462E-12*(SIGN6(I))**5
F M V o ( I )=4.142SE-03+3.872E-02*SIGN8(I)+4.927 2E -0 5* (S IG N8 (I )) 
+**2-3.7043E-07*(SIGN8(I))**3+1.0742E-09*(SIGN3(I))**4 
+-1.0462E-12*(SIGN8(I) )**5
F MV 9( I) =4 .1 42 8E -0 3+ 3. 872E-02*SIGN9(I)+4.9272E-05*(SIGN9(D) 
+** 2- 3. 70 43 E- 07 *( SIGN9(D)**3+1.0742E-09*(SIGN9(I))**4  
+ - 1 .0462E-12*(SIGN9(I) )**5
C
AVMV1=FMV1(I)+AVMV1 
AVMV2=FMV2(I)+AVMV2 
AVMV3=FMV3(I)+AVMV3 
AVMV4=FMV4(I)+AVHV4
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AVMV6=FMV6(I)+AVMV6 
AVMV8=FMV8(I)+AVMV8 
AVMV9=FMV9(I)+AVMV9
r
650 CONTINUE
C Average values of signals in mVOLTS 
AVMV1=AVMV1/FLOAT(N)
AVMV2=AVMV2/FLOAT(N)t 
A VM V3 =AVMV3/FLOAT(N)
AVMV4=AVMV4/FLOAT(N)
AVMV5=AVMV5/FLOAT(N)
A VM V6 =AVHV6/FLOAT(M)
AVMV8=AVHV8/FLOAT(N)
A VMV9=AVMV9/FLOAT(N)
no
c
W R I T E (6,655)
655 F OR MA T( 20 X, ’SIGNALS SELECTED FOR INV ES TI GA TI ON 1) 
WRITE(6,6655)
6655 F 0 R MA TC 20 X, ’s## * ******************************’)
C
W R I T E (6,656)
656 F OR MA TC 10 X, ’a:- Signals in deg C ’)
W R I T E (6,6566)
6566 F O R M A T (10X, ’- - - - - - - - - - - - - - - - - - - - ’)
C
WRITE(6,651)
651 F OR MA TC 10 X, 1 signal 1 ’ ,7X, ’s i g n a l 2 ’ ,9X,’ s i g n a l s 8 X ,  ’signal4 
+ 7 X , 's i g n a l 5 ’) -
WRITE(6,6516)
6516 FORMAT (10 X ,»------ ’, 7 X , ’------- ’, 9 X , ’------ \ -8 X , ’------
+ 7 X , 1------ ’)
C
C
DO 819 1=1, N
VJRITEC6,8 8 1 )SIGN1(I) ,SIGN2(I),SIGN3(I),SIGN4(I) ,SIGN5(I) 
881 F O R M A T d H  ,5F15.4)
819 CONTINUE
r
W R I T E (6,7777)
7777 F 0R MA TC 7X , ’Average v a l u e s ’)
W RITEC6,7 7 7 8 )AVSIG1,AVSIG2,AVSIG3,AVSIG4,AVSIG5
7778 F O R M A T d H  ,5F15.4//)
WRITE(6,6155)
6155 F O R M A T (1 O X , ’s i g n a l 6 ’,7X,’s i g n a l 7 ’,9X,’s i g n a l S ’,8X,’sig na l 9 
+ 3 X , ’MF CAVITY TEMP, deg C ’)
W R I T E (6,5561)
5561 F O R M A T (1 OX, ’■------ ’ ,7X,' ’ ,7X,-’------- ’ ,8X, ’------
, V J 1 \+.5/v, -------- ---------— -—  J
DO 1234 1=1,N
W R I T E (6,1235)SIGN6(I),SIGN7(I),SIG N 8 (I) ,SIGN9(I),SIGN11 (I) 
1235 F O R M A T d H  ,5F15.4)
1234 CONTINUE
C
W R I T E (6,7779)
7779 F OR MA TC 7X , ’Average v a l u e s ’)
W R I T E (6,7780)A V S I G 6 ,A V S I G 7 ,A V S I G 8 ,A V S I G 9 ,A V S G 11
7780 F O R M A T d H  ,5F15.4//)
WRITE(6,7156)
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W R I T E (6,7100)
7100 FORMAT(10X, *--------------         ')
W R I T E (6,808)
808 F0R MA TC 5X , ’s i g n s l l !,3X,»signsl2’,3X,'signals’,3X,’s i g n a l 4 ',
+3X , ’signal5 ’) *
•WRITE(6,7808)
7808 FORMAT! 5 X , ’-- --- \  3 X , ’- - - - - - -  ’, 3 X , ’ — ---- ’,3X, ’--- - - - *,
+3X , 1- - - - - - - ')
DO 878 1 = 1 , N
WRITE(6,8 7 9 )FMV1(I),FMV2(I),FMV3(I),FMV4(I),FMV5(I)
879 F O R M A T d H  ,5F10.4)
878 CONTINUE
C
WRITE(6,7781)
7781 F0RMATC7X,'Average v a l u e s ’)
W R I T E (6,7782)A V M V 1,A V M V 2 ,A V M V 3 ,A V M V 4 ,AVMV5
7782 F O R M A T d H  ,5F10.4)
W R I T E (6,8108)
8108 F0R MA TC 5X ,’s i g n a l 6 ’,3 X , ’s i g n a l s ’,2 X s i g n a ! 9 ’)
WRITEC6,8810)
8310 FOR MAT (5X,'------ ’,3X,’-- - - ,2X,'---------- ')
DO 8811 1 = 1, N
WRITE(6,832)FMV6(I),FMV8(I),FMV9(I)
882 F O R M A T d H  ,3F10.4)
8811 CONTINUE
C
WRITE(6,7784)
7784 F 0R HA TC 7X , ’Average v a l u e s ’)
W R I T E (6,7783)AVMV6,AVMV8,AVMV9
7783 F O R M A T d H  ,3F10.4//)
W R I T E (6, 652)
652 F O R M A T (1 OX,'HEAT LOSS FROM MF HOUSING TO SURRO UN DI NG jc al cu la te d ') 
W R I T E (6,3333)
3333 F Q R M A T d O X  ’ * * # # * * * * * # # # * * * * * * * * # # # « * * i // 
+ )
W R I T E (6,3344)
3344 F O R M A T d O X , '  by a- empirical methods,(R+C).loss;b- conduction shap 
+e f a c to r ,CON D. lo ss '//)
C
W R I T E (6,993)
998 FORMAT(8X,'conv.loss',6X,’r ad . l o s s ’,6X,'(R+C).loss’,6X,’COND.loss' 
+)
WRITE(6,3998)
3998 FORMAT (8X, ’------- ’, 6 X , --- --- ', 6 X , ’- - - - - - - - - - ’, 6 X , '- - - - - - - - ’)
DO 1000 1 = 1 ,N
W R I T E (6,1050)QCONV(I ),Q R A D (I ),Q 1T O T (I ),Q 2 T O T (I )
1050 F O R M A T d H  ,4F15.4)
1000 CONTINUE
C
W RI TE(6,9121)
9121 FORMATC7X,'Average values')
W R I T E (6,9122)A V C ON V ,A V R A D ,A V 1T O T ,AV2TOT
9122 F O R M A T d H  ,4F15.4//)
WRITE(6,6152)
6152 F O R M A T d O X , ’TEMPERATURE DISTRIBUTION OF GHFM SPHERE')
W R I T E (6,3152)
3152 FORMAT (10X,' * * * 1//)
W R I T E (6,1098)
1098 FOR MA T( 9X , »SP (T)out’,6X,'SP (T)in',5X.»SP (T)delta',3X,
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W R I T E (6,8098)
8098 FORMAT (9 X , ^--  , 6 X , ’--------- ’, 5X ’- - - - - - -   ' ,2X,
+ »-- ---------- ’,2 X , ’- - - - - - - - - - - - - - ’)
DO 1150 1=1,N ,
W R I T E C 5 , 117 0 )TOUT(I) ,TIN(I),DELTSH(I),T M I D ( I ),DAT A( I, 3)
1 17 0 ' F O R M A T d H  ,5F15.2)
1150 CONTINUE
C
W R I T E (6,9111)
9111 FORMAT(7X,'Average v a l u e s ’)
W R I T E (6,9112)A V T O U T ,A V T I N ,A V D E ,A V T M D ,AVSG5
9112 F O R M A T d H  ,5F15.2//)
W R I T E (6,8118)
8118 F O R M A T d O X , ’HEAT FLOWjBOTH COR RE LA TE DC tr ue ) & MEASURED,(ABSORBED H 
+EAT BY CW) ARE S H O W N ’)
WRITE(6,8318)
831 8 F O R M A T d O X , 1 ft*****************************#**#**«***##«*****###**#* 
+ //)
C
W R I T E ( 6 , 1180)
1180 FORMAT(6X,'HT.AVAILcslc',2X,’HT.TO HFMrad e x c h ’ ,
+ 3 X ,1QCW c o r r . ’,6X,’QCW m e a s . ’)
W R I T E (6,3185)
3185 FORMAT(6X, ’----------- ’, 2 X , ’----------------- ’,
+2X, ’------- ’, 6 X , ’----   ’)
DO 1185 1=1,N
W R I T E (6,1190)F ER A L L ( I ),F I R A L L ( I ),F I C W ( I ),CWMES(I)
1190 F O R M A T d H  ,4F15.2)
1185 CONTINUE
C
W R I T E (6,9114)
9114 F OR HAT(7X,’Average v a l u e s ’)
W R I T E (6,9115)A V E R ,A V I R ,A V F C ,AVME
9115 F O R M A T d H  ,4F15.2//)
rw
W R I T E (6,5183)
5183 F O R M A T d O X , ’PARAMETERS OF GHFM INCLUDING HEAT TR.COEFF. (hew) BETWE 
+EN CW & INNER SURFACE OF S P . S H E L L ’)
C
W R I T E (6,8500)
8500 F O R M A T d O X , 1*********£****#*******£*****************«#************ 
W R I T E (6,5001)
5001 F O R M A T d O X , ’R e ’,14X,’S t ’,14X , ’P r 1,11X,’v el o c i t y ’,5X,’h e w ’ ,14X, ’FLO 
+ c w ’)
W R I T E (6,9500)
9500 FORMAT(SX , ’ ’ ,9X,-’------ ’ ,8X,-’----- ’, 10X, ’-------- ’
+ ,5X,'----- ’,10X,’------ ’)
DO 5002 1=1,N
WRITE (6,5003) RE (I) ,ST(I), PR (I), VIL (I ).,HCTW ( I ), D A T A( 1 ,1)
5003 F O R M A T d H  , 6 F 15. 4)
5002 CONTINUE
C
WRITE(6,9116)
9116 FORMAT(7X,'Average v a l u e s ’)
W R I T E (6, 9117)AVRE, A V S T , A V P R , AVVIL, AVHCVJ, FLO
9117 F O R M A T d H  , 6F15. 4//)
W R I T E (6,4444)
4444 F O R M A T (12X,’A X 1 ',12X,’A Y 1 ',13 X , ’A X 2 ’,11X ,'A Y 2 ’,11X , ’M U c w ’ ,9X
FILE: T$V5 DATE: MON, SEP 10 1984
WRITE(6,999V)
9991 F 0 R M A T C 1 O X , ’Expressions for deriving Equations 5.109 & 5.110') 
WRITE(6,9992)
9992 F O R M A T d O X , * - - - - - - - - - - - - - - - - - - -    ')
W R I T E (6,9993)
9993 F O R M A T d O X , ’A X 1 = R e t* 0 . 2 / R O * ,1 X , ,1X,*AY1=St*Pr# *0 .6 67 /( 3. 1416*(R 
+io**2-Roi**2)) ’ ,3X,’for Equation 5.109'//)
WRITE(6,9994)
9994 F O R M A T d O X , ’AX2=Re**0.32*((Rio+Roi)/(Rio-Roi))«*0.0 5 \ 1 X , ’A ’ ,1X,’A 
+ Y2 =S t» Pr ** 0. 66 7 ’,3X,’for Equation 5 . 1 1 0 ’//)
C
WRITE(6,9120)
9120 F O R M A T ( 6 X , ’Note:TEMP.DISTRIBUTION OF GHFM UNITS IN KELVIN EXCEPT S 
+P (T)delta in deg C , ’)
WRITE(6,9127)
9127 F O R M A T (12 X ,*P A R A M E T R S ; velocity in M/S , HEAT TR.COEFF. (hew) in 
+W/M C , CW flow in KG/S , & OTHER UNITS AS I N D I C A T E D ’)
STOP
END
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SECTION D
Correlations for Use in Computer Programmes
which were Implemented for processing of data
Note:
in all correlations;
Y represents y-axis values
X represents x-axis values
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CONCLUSIONS AND RECOMMENDATIONS
1. A spherical gross heat flow meter (GHFM) with linear charac­
teristics has been developed. The Imeter. monitors millivolt 
control signals generated by heat emission from combustion 
processes in furnaces.
2. The heat flow meter can monitor the heat emission from com­
bustion processes either in the steady-state or transient 
modes. The monitoring signal of the GHFM is based on the 
average of the temperature variation of the heat flux r e ­
ceiving surface of the instrument. This monitoring and con­
trolling signal is the average of readings of a number of 
identical embedded thermocouples within the spherical shell 
of the GHFM, which are evenly distributed around the shell.
The GHFM can also be used as a research tool to provide 
experimental evidence for combustion research. The steady- 
state error was found to be a function of the heat losses 
from the heat flow meter. Cooling water fluctuations also 
add a thermal lag error, which depends on the quantity and 
properties of the thermal mass of meter material as well as 
its geometry and design.
3. Cooling water is supplied to the GHFM to act as its heat 
energy sink, the water flowing through a spherical a n n u l u s . 
Our GHFM is based on a constant cooling water flowrate for 
a specified furnace, but the instrument can be used in all 
gas-fuel fired furnaces, provided that the heat sink capacity 
of the meter is set to meet the individual requirements of 
furnaces. The cooling water flowrate can be manipulated to
damp down the control signal as well as its magnitude.
The GHFM has an average gross time constant of 97.4 seconds, 
of which 37.2 seconds is its averaged thermal lag time; thus, 
its refined time constant is 60.3 seconds. Although this 
time constant looks excessive, improvements can be obtained 
by machining the spherical shell of the GHFM to a lesser 
thickness (i.e. less than 6 mm). Possibly within a fraction 
of this time constant, the magnitude of the generated c o n ­
trol signal may be sufficient to activate future envisaged 
micro-processor based controllers. Thus, the time constant 
of our GHFM is believed to create no drawbacks to transient 
operations. Added to that is the fact that the thermal 
masses in furnaces form a powerful control device to dampen 
all fast input functions to furnaces to a much slower and 
gradual effect (such a step input function will be of a ramp 
effe c t ) .
, Our G H F M ’s capability to discriminate between sources of 
different levels of heat flux emission gave rise to a belief 
that it could offer a basic approach to develop this instru­
ment to monitor the heat flux emissions from each of the burner 
in a multiburner combustion chamber simultaneously. This 
development could be based on designing independent groups 
of thermocouples within the GHFM receiving surface such that 
each group can form a thermopile. The exploitation of such 
a GHFM system is recommended in the future.
. The prediction of the average heat transfer coefficient of 
the boundary film between cooling water and the inner surface 
of the spherical shell of the GHFM is an important factor in 
the estimate of the local average temperature or heat flux
of the environment of a furnace. An empirical correlation 
was established for our standard cooling water flowrate of 
40 grams/sec. The correlation would assist in expanding the 
application of the GHFM in future furnace research and d e ­
velopment. The correlation includes the bounding radii of 
the annulus, and is : -
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its range of % error is -3.5 < % error < 5.00
for 37 0 < Re < 7 30 and 7.0 < Pr. < 14.0
The GHFM was found to be not suitable for monitoring the 
generation of heat energy levels during the first 37 seconds 
after its introduction to a furnace or from a cold start of 
a furnace either. This delay is caused by the thermal mass 
of the GHFM. Thus, the GHFM is not expected to be used for
the generation of a reliable control signal for an initial
37 seconds of its operation. It is believed that this p h e ­
nomenon would not be a serious drawback in the performance 
of the GHFM.
Ash deposition on the receiving surface of a GHFM (Neal et 
a l . 1 980), and the difference between the emissivity of the 
GHFM and that of the load-tubes of a furnace (Morgan 1974) 
should present no difficulty in utilizing our meter for any 
fossil fuels, so long as the meter is used in a peak-seeking 
combustion controller.
In the past, workers (Thring 1962) have utilized the rise 
in the temperature of the cooling water in heat flow meters 
as a calibrated measure of the amount of heat flow. This 
was found to be applicable if the mass flowrate of the cooling
water is maintained constant and the furnace is at steady- 
state operating conditions. Any variation in either the 
cooling water flowrate or the steady-state conditions of the 
furnace introduces error in the calibration of the tempera­
ture rise monitoring signal. Both signals of temperature 
rise and of heat energy absorbed by cooling water are u n r e ­
liable in transient conditions.
Including the effects of preheat and the degree of mixing of 
the combustion reactants, the heat energy losses from the 
furnace via its shell to surroundings, etc., the GHFM d i s ­
played a peak signal for the equivalence ratio <f> in the range 
of 0.955 < <}> < 1.015 with an average value of (j) - 0.985 . 
Excluding these effects for North Sea gas combustion with 
air at atmospheric pressure, a peak at a position of equiva­
lent ratio of <J> - 0.96 -»■ 0.98 is displayed. The 1.5% deviation 
of the GHFM peak signal towards the lean side of that of 
natural gas mixture is a natural phenomenon, since only the 
stated effects were encountered in defining the position of 
the peak of the GHFM control signal. When these effects were 
implemented in calculating the heat energy emission in the 
furnace, the peak of the control signal of the GHFM fell t o ­
wards the lean side of the position of the peak of the c a l ­
culated heat energy emission by an average value of 0.21%. 
This percentage became higher when the assumption of h o m o ­
geneous gas and black-body system in two other approaches 
showed an average error of 1.65% and 3,23% towards the lean 
side of the calculated peaks. This emphasizes the r eliabi­
lity of the GHFM. The GHFM monitors the actual optimal 
occurrence of the heat energy level in a furnace, and allows 
for any extraneous factors affecting the position of the
equivalence ratio at which the optimal performance of the 
furnace operation can occur; i.e. heat losses, reactants 
preheat, degree of mixing, entrainment, variation of ambient 
conditions, etc. These facts emphasize that the GHFM can 
make a reliable transducer to be integrated in apeak-seeking 
control system package for the optimal control of furnace 
operation via the control of the reactants ratio of fuel/air. 
Perturbation may prove to be necessary for a successful peak- 
seeking control package. Deposition may become significant 
for liquid or solid fuels. The successful integration of 
the GHFM with a peak-seeking optimal combustion control 
package is an area still open for future development. A 
microprocessor controller based on the implementation of 
perturbation for one of the reactants may prove suitable.,
11. The successful industrial tests of the GHFM were conducted 
in a pilot plant sized natural gas fired furnace with a r e ­
cuperative burner. This provided evidence that the GHFM can 
monitor the performance of any gas burner encountered in 
industrial furnaces, and it could be positioned anywhere 
within a zone of complete combustion for the purpose of 
providing a control signal to a peak-seeking optimal combust­
ion controller.
12. The GHFM is a practical instrument in that it is simple, 
robust, and easily installed on existing burners. It could 
be mass-produced and installed anywhere within a furnace 
environment.
